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SUMMARY 
 
 
Mycotoxins are contaminants produced by various fungal species and can be present in 
diverse food and feed matrices. These secondary metabolites can induce several toxic effects 
in both humans and animals upon contamination, although they are often present in low ppb-
ppt concentrations. The mycotoxin issue is a worldwide concern which resulted already in 
several national and European guidelines, directives and regulations regarding maximum 
mycotoxin levels. This legislation is absolutely necessary since economic losses due to 
contamination should not be underestimated. As an example, regulations exist concerning 
maximum levels of ergot alkaloid sclerotia and deoxynivalenol (DON) in several food and feed 
matrices. Consequently, rapid, accurate and sensitive mycotoxin analysis is required to be able 
to identify and quantify the mycotoxin content in samples. Mycotoxin analysis consists of 
rapid screening and confirmation methods in which the general interest moved toward multi-
mycotoxin detection. On the one hand, the present rapid tests often use antibodies as specific 
recognition elements but are also characterized by some important drawbacks. On the other 
hand, sample purification prior to LC-MS/MS confirmation analysis is often based on non-
selective interactions. (Chapter 1)  
 
In order to meet the existing need for more performant analytical tools and methods for rapid, 
sensitive, robust and selective multi-mycotoxin analysis, a new type of solid phase extraction 
(SPE) sorbents based on porous scaffolds was proposed. These carriers were produced by the 
BioplotterTM technology and subsequently loaded with recognition elements. Next to 
antibodies which are the gold standard in mycotoxin analysis, the popular synthetic 
alternative molecularly imprinted polymers (MIP) were used to immobilize onto poly-ε-
caprolacton (PCL) scaffolds. Therefore, sub-micrometer sized spherical MIP particles were 
targetted. After production and characterization of the particles, the optimal MIP 
immobilization parameters were investigated on 2D PCL surfaces, as well as for antibodies, 
and followed by transfer to the more complex 3D format for SPE applications. (Chapter 2)    
 
In the first part of this research, MIP were produced as recognition elements for the detection 
of the six major ergot alkaloids and their epimers. MIP represent synthetic recognition 
elements capable of interacting with a target analyte to obtain selective binding and/or 
detection and/or removal thereof. These particles can be produced by several polymerization 
mechanisms and techniques. MIP for ergot alkaloids were produced by using metergoline as 
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template, methacrylic acid as functional monomer and trimethylolpropane trimethacrylate as 
crosslinker in precipitation polymerization with acetonitrile as solvent. Various particle 
characterization techniques were explored and evaluated. A first group concerns 
morphological characterization methods such as electron microscopy and particle size 
analysis. By using this type of techniques, the production and drying processes of the desired 
MIP particles were optimized resulting in spherical sub-micrometer sized particles in which 
aggregation was an important issue. A 1/6/24 ratio of template/functional 
monomer/crosslinker was selected for further experiments. Secondly, techniques such as 
nuclear magnetic resonance spectroscopy and thermogravimetric analysis have evolved for 
investigating chemical structure characteristics and thermal features respectively. Finally, 
selective target binding is mostly studied by liquid chromatography coupled to different 
detectors. More specifically, equilibrium experiments by LC-MS/MS clearly indicated a higher 
metergoline rebinding capacity of MIP compared to the non-imprinted polymers (NIP). 
However, this observation was not confirmed for the rebinding of the ergot alkaloids in 
acetonitrile. Consequently, several mixtures of acetonitrile with buffers were tested in which 
the highest recovery percentages were found when the ACN/[KH2PO4/HCl]-buffer pH3 (80/20) 
was used as loading solvent. MIP recoveries ranged from 45.06 ± 2.65 % for Ecr(n) to 48.93 ± 
6.73 % for Em(n) which were significantly higher compared to the corresponding NIP. These 
recovery percentages were not as high as expected compared to the initial target which could 
possibly be related to particle aggregation. In summary, Chapter 3 shows that sub-micrometer 
sized spherical MIP particles were obtained which could be applied for immobilization onto 
surfaces and 3D structures, although functionality for ergot alkaloid recognition was not 
optimal. 
 
Chapter 4 describes the immobilization of MIP particles on 2D spincoated PCL surfaces. 
Hereto, Pluronic® F127 bismethacrylate (PF127-BMA) building blocks were applied. In general, 
successful immobilization of MIP structures on surfaces such as immobilized particles and 
films are frequently investigated by electron microscopy, atomic force microscopy, static 
contact angle measurements, X-ray photoelectron spectroscopy (XPS), quartz crystal 
microbalance and surface plasmon resonance. Several protocols were tested for the 
immobilization of MIP for ergot alkaloids by ranging solvent ratios and the hydrogel building 
block concentration. Due to aggregation of MIP particles in MilliQ water, the hydrogel building 
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block-MIP solution was finally prepared in 50/50 acetonitrile/MilliQ. Furthermore, within the 
examined concentration range the 7.5 w% PF127-BMA was selected for successful 
immobilization of MIP with low risk of ‘skin formation’ and subsequent drop in rebinding 
capacity. Additionally, the 7.5 w% PF127-BMA network was not disturbed by the presence of 
the MIP particles. Consequently, these optimized conditions were transferred towards the 3D 
MISPE application.  
 
Immobilization of MIP particles on 3D PCL porous scaffolds by the 7.5 w% PF127-BMA was 
shown to be successful by microscopy and µCT analysis. However, the presence of hydrogel 
was in some cases also observed inside the pores of the scaffolds which could possibly 
influence the final perfusion during SPE. The highest specific rebinding percentage for a 1 µM 
metergoline solution was found after performing only one washing step and contained 44.87 
± 8.30 % which was not as high as targeted. Furthermore, ergot alkaloids were not specifically 
retained by the MIP sorbent. However, MIP particles were not lost during SPE since their 
presence after this process was confirmed by SEM analysis. Several hypotheses were 
formulated which could clarify the low binding capacity of the new type of SPE columns. 
Consequently, optimization of the final multi-ergot alkaloid MISPE scaffold application was 
not achieved in Chapter 5.      
 
The second part of this research applied antibodies as recognition elements onto the PCL 
scaffolds as SPE sorbent for detection of DON. Hereto, primary amine functions were 
introduced onto the PCL surface by the 2-aminoethyl methacrylate (AEMA) grafting 
technology. Prior to the immobilization of anti-DON antibodies, secondary antibodies were 
immobilized onto 2D PCL substrates. Subsequently, immobilization of secondary antibodies 
was optimized through application of different models and concentrations. In this respect, 
both an ionic and covalent model was used to immobilize secondary antibody solutions of 
0.0021 µg/µl, 0.0042 µg/µl, 0.0084 µg/µl and 0.0168 µg/µl. After characterization by XPS and 
radiolabeling analysis, it was concluded that within this application the ionic model did not 
result in a sufficient secondary antibody deposition. On the contrary, the 0.0084 µg/µl 
concentration was determined as the optimal secondary antibody dilution within the covalent 
immobilization model and transferred to the 3D antibody SPE format. (Chapter 6) 
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In Chapter 7, the specific covalent immobilization of a 0.0084 µg/µl secondary antibody 
solution on 3D PCL scaffolds was confirmed by radiolabeling and µCT-SPECT analysis. A total 
amount of 11.74 ± 0.10 µg secondary antibody was immobilized on PCL AEMA grafted 
scaffolds which equaled a yield of 41.93 %. Furthermore, the edges of the scaffolds were 
characterized by higher amounts of immobilized antibodies which could be related to the 
immobilization protocol. However, secondary antibodies within the center of the scaffolds 
were grafted with an acceptable homogeneity, variability and reproducibility. Additionally, the 
antibodies were present on the pores which created positive expectations for the final SPE 
application. Despite these promising results, no selective binding of DON was obtained. Similar 
to the MIP 3D sorbents, several potential causes were stated to address the poor affinity of 
the new sorbents towards DON. Consequently, further optimization is still required to use this 
type of sorbents in new SPE applications for the detection of mycotoxins.   
 
In conclusion, although the recognition elements were successfully immobilized on the 3D 
scaffolds, no optimal SPE conditions could be obtained resulting in specific binding of ergot 
alkaloids and DON by respectively MIP and antibodies immobilized onto PCL scaffolds. In 
future research, the proposed new types of antibody and MIP loaded porous sorbents require 
optimization before they can be used in SPE applications prior to LC-MS/MS analysis and rapid 
screening tests combined with quantum dots as labels. Additionally, stability and reusability 
studies need to be performed, together with real sample testing and validation of the new 
methods. (Future perspectives)   
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SAMENVATTING 
 
 
Mycotoxinen zijn contaminanten die geproduceerd worden door verscheidene 
schimmelspecies en die aanwezig kunnen zijn in diverse voedings- en voerdermatrices. 
Volgend op contaminatie kunnen deze secundaire metabolieten uiteenlopende toxische 
effecten veroorzaken bij zowel mens als dier, ondanks dat ze meestal slechts aanwezig zijn in 
lage ppb-ppt concentraties. De mycotoxine problematiek is een wereldwijde bezorgdheid die 
reeds geleid heeft tot verscheidene nationale en Europese aanbevelingen, richtlijnen en 
verordeningen met betrekking tot maximale mycotoxine gehalten. Wetgeving is absoluut 
noodzakelijk aangezien economische verliezen als gevolg van contaminaties niet te 
onderschatten zijn. Zo bestaan er bijvoorbeeld verordeningen met betrekking tot maximale 
gehalten voor ergot alkaloïd sclerotia en deoxynivalenol (DON) in diverse voedings- en 
voedermatrices. Bijgevolg is een snelle, accurate en gevoelige mycotoxine analyse vereist om 
mycotoxinen in stalen te kunnen identificeren en kwantificeren. Mycotoxine analyse bestaat 
hiervoor uit screeningstesten en bevestigingsmethoden waarbij de focus ligt op multi-
mycotoxine detectie. Enerzijds gebruiken de bestaande sneltesten vaak antilichamen als 
specifieke herkenningselementen maar deze zijn gekenmerkt door een aantal belangrijke 
nadelen. Anderzijds is staalopzuivering voorafgaand aan LC-MS/MS als bevestigingsanalyse 
vaak gebaseerd op niet-selectieve interacties (Hoofdstuk 1).   
 
Om te voldoen aan de bestaande vraag naar meer performante analytische hulpmiddelen en 
methoden voor snelle, gevoelige, robuuste en selectieve multi-mycotoxine analyse wordt een 
nieuw type van vaste-fase opzuivering (SPE) sorbenten voorgesteld gebaseerd op poreuze 
draagstructuren. Deze draagstructuren werden geproduceerd aan de hand van de 
BioplotterTM technologie en vervolgens beladen met herkenningselementen. Naast 
antilichamen die de gouden standaard zijn in mycotoxine analyse werden de populaire 
synthetische alternatieve molecularly imprinted polymers (MIP) gebruikt voor immobilisatie 
op poly-ε-caprolacton (PCL) draagstructuren. Hiervoor zijn sferische MIP partikels met 
groottes in de sub-micrometer orde gewenst. Na productie en karakterisatie van de partikels 
werden de optimale MIP immobilisatie parameters bestudeerd op 2D PCL oppervlakken, net 
als voor de antilichamen, en gevolgd door transfer naar de meer complexe 3D vorm voor SPE 
toepassingen (Hoofdstuk 2).  
 
SAMENVATTING 
 
  
In een eerste deel van dit onderzoek werden MIP geproduceerd als herkenningselementen 
voor de zes belangrijkste ergot alkaloïden en hun epimeren. MIP zijn synthetische 
herkenningselementen die in staat zijn interacties aan te gaan met een doelanaliet om een 
selectieve binding, detectie en/of eliminatie hiervan te bekomen. Deze partikels kunnen 
geproduceerd worden door verschillende polymerisatie mechanismen en technieken. MIP 
voor ergot alkaloïden werden geproduceerd door gebruik te maken van metergoline als 
templaat, methacryl zuur als functioneel monomeer en trimethylolpropaan trimethacrylaat 
als crosslinker in precipitatie polymerisatie met acetonitrile als solvent. Verscheidene 
karakterisatietechnieken voor partikels werden onderzocht en geëvalueerd. Een eerste groep 
bevat morfologische karakterisatiemethoden zoals elektronen microscopie en partikelgrootte 
analyse. Door gebruik te maken van deze technieken werden de productie en het droogproces 
van de gewenste MIP partikels geoptimaliseerd. Dit resulteerde in sferische partikels in de 
sub-micrometer grootte orde waarbij aggregatieproblemen geobserveerd werden. Een 
1/6/24 verhouding van templaat/functioneel monomeer/crosslinker werd geselecteerd voor 
verdere experimenten. Daarnaast zijn er technieken beschikbaar nucleaire magnetische 
resonantie spectroscopie en thermo-gravimetrische analyse voor respectievelijk chemische 
structuur analyse en bepaling van thermische karakteristieken. Tenslotte kan de selectieve 
binding van het doelanaliet bestudeerd worden met vloeistof chromatografie gekoppeld aan 
verscheidene detectoren. Binnen dit onderzoek toonden evenwichtsexperimenten via LC-
MS/MS duidelijk aan dat MIP een hogere metergoline bindingscapaciteit vertonen in 
vergelijken met de non-imprinted polymers (NIP). Deze observatie werd echter niet bevestigd 
voor de binding van de ergot alkaloiden in acetonitrile. Bijgevolg werden verschillende 
mengsels van acetonitrile met buffers getest waarbij de hoogste recovery gevonden werd 
indien ACN/[KH2PO4/HCl]-buffer pH3 (80/20) gebruikt werd als laadsolvent. De MIP recoveries 
varieerden van 45.06 ± 2.65 % voor Ecr(n) tot 48.93 ± 6.73 % voor Em(n) welke significant 
hoger lagen in vergelijking met de NIP. Deze percentages waren niet zo hoog als initieel 
verwacht wat mogelijks gerelateerd zou kunnen zijn aan partikel aggregatie. Samenvattend 
toont Hoofdstuk 3 aan dat sferische MIP partikels met sub-micrometer groottes verkregen 
werden. Vervolgens konden deze geïmmobiliseerd worden op oppervlakken en 3D structuren 
ondanks de niet optimale functionaliteit met betrekking tot de herkenning van ergot 
alkaloïden.  
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Hoofdstuk 4 beschrijft de immobilisatie van MIP partikels op 2D gespincoate PCL oppervlakken 
met behulp van Pluronic® F127 bismethacrylaat (PF127-BMA) bouwstenen. Doorgaans wordt 
de succesvolle immobilisatie van MIP structuren zoals geïmmobiliseerde partikels en films op 
oppervlakken bestudeerd door elektronen microscopie, atomaire kracht microscopie, 
statische contacthoek metingen, X-straal foto-elektron spectroscopie (XPS), kwartskristal 
microbalans en oppervlakte plasmon resonantie. Verschillende condities werden getest voor 
de immobilisatie van MIP voor ergot alkaloïden door de solvent verhoudingen en de 
concentratie aan hydrogel bouwstenen te variëren. Omwille van de aggregatie van MIP 
partikels in MilliQ water werd de hydrogel bouwsteen-MIP oplossing finaal bereid in 50/50 
acetonitrile/MilliQ. Verder werd de 7.5 w% PF127-BMA concentratie geselecteerd voor 
succesvolle MIP immobilisatie met een laag risico op het bedekken van de MIP door de 
hydrogel laag en daaropvolgende afname in bindingscapaciteit. Daarnaast werd het 7.5 w% 
PF127-BMA netwerk niet verstoord door de aanwezigheid van de MIP partikels. Bijgevolg 
werden deze geoptimaliseerde condities getransfereerd naar de 3D MISPE applicatie.  
 
Succesvolle immobilisatie van MIP partikels op 3D PCL poreuze draagstructuren door 7.5 w% 
PF127-BMA werd aangetoond door microscopie en µCT analyse. De aanwezigheid van de 
hydrogel werd in sommige gevallen echter ook geobserveerd in de poriën van de 
draagstructuren wat mogelijks de finale perfusie tijdens SPE kan beïnvloeden. Het hoogste 
specifieke bindingspercentage voor een 1 µM metergoline oplossing werd gevonden bij het 
uitvoeren van slechts één wasstap en bedroeg 44.87 ± 8.30 %, hetgeen lager was als initieel 
vooropgesteld. Daarnaast ondervonden de ergot alkaloïden geen specifieke retentie door het 
MIP sorbent. De aanwezigheid van MIP partikels na SPE werd bevestigd via SEM analyse en 
toonde aan dat er geen verlies kon waargenomen worden. Vervolgens werden verschillende 
hypothesen geformuleerd die mogelijks een verklaring zouden kunnen bieden voor de lage 
bindingscapaciteit van het nieuwe type SPE kolommen. Bijgevolg werd finale optimalisatie van 
de multi-ergot alkaloïd MISPE toepassing gebaseerd op beladen draagstructuren niet 
bekomen in Hoofdstuk 5.       
 
In het tweede deel van dit onderzoek werden antilichamen gebruikt als 
herkenningselementen op de PCL draagstructuren als SPE sorbenten voor de detectie van 
DON. Hiervoor werden primaire aminefuncties geïntroduceerd op het PCL oppervlak door 
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gebruik te maken van de 2-aminoethyl methacrylaat (AEMA) grafting technologie. 
Voorafgaand aan de immobilisatie van anti-DON antilichamen werden secundaire 
antilichamen geïmmobiliseerd op 2D PCL substraten. Initieel werd de immobilisatie van de 
secundaire antilichamen geoptimaliseerd door toepassing van verschillende modellen en 
concentraties. Zowel een ionair als een covalent model werd gebruikt om 0.0021 µg/µl, 0.0042 
µg/µl, 0.0084 µg/µl en 0.0168 µg/µl secundaire antilichaam oplossingen te immobiliseren. Na 
karakterisatie door XPS en radiolabeling analyse kon er geconcludeerd worden dat binnen 
deze toepassing het ionaire model niet resulteerde in een voldoende afzetting van secundaire 
antilichamen. Daarentegen was de 0.0084 µg/µl concentratie de optimale verdunning van 
secundaire antilichamen, gecombineerd met het covalente immobilisatie model. Vervolgens 
konden deze parameters getransfereerd worden naar de 3D antilichaam SPE opstelling. 
(Hoofdstuk 6) 
 
In Hoofdstuk 7 werd de specifieke covalente immobilisatie van een 0.0084 µg/µl secundaire 
antilichaam oplossing op 3D PCL scaffolds bevestigd door radiolabeling en µCT-SPECT analyse. 
Een hoeveelheid van 11.74 ± 0.10 µg secundair antilichaam werd geïmmobiliseerd op PCL 
draagstructuren gefunctionaliseerd met AEMA, hetgeen overeenstemt met een rendement 
van 41.93 %. Daarenboven vertoonden de randen van de draagstructuren een hogere 
hoeveelheid aan geïmmobiliseerde antilichamen wat gerelateerd zou kunnen zijn aan het 
immobilisatieprotocol. In het centrum van de draagstructuren waren de secundaire 
antilichamen echter geïmmobiliseerd met een aanvaardbare homogeniciteit, variabiliteit en 
reproduceerbaarheid. Daarnaast waren de antilichamen aanwezig op de poriën wat positieve 
verwachtingen schiep naar de finale SPE applicatie toe. Ondanks deze veelbelovende 
resultaten werd er geen selectieve binding van DON waargenomen. Net zoals bij de MIP 3D 
sorbenten werden verschillende oorzaken beschreven die mogelijks gerelateerd kunnen zijn 
met de lage affiniteit van de nieuwe sorbenten tegenover DON. Bijgevolg is verdere 
optimalisatie noodzakelijk om dit type van sorbenten te gebruiken in nieuwe SPE toepassingen 
voor de detectie van mycotoxinen.   
 
Er kan geconcludeerd worden dat er, ondanks de succesvolle immobilisatie van de 
herkenningselementen, geen optimale SPE condities konden verkregen worden die 
resulteerden in de specifieke binding van ergot alkaloïden en DON door respectievelijk MIP en 
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antilichamen geïmmobiliseerd op PCL draagstructuren. Bijgevolg vereisen de nieuwe types 
van antilichaam en MIP beladen poreuze sorbenten verdere optimalisatie voordat ze gebruikt 
kunnen worden in SPE toepassingen voorafgaand aan LC-MS/MS analyse en/of in snelle 
screeningstesten gecombineerd met quantum dots als labels. Daarnaast dienen de stabiliteit 
en herbruikbaarheid bestudeerd te worden, samen met het testen van echte stalen en 
validatie van de nieuwe methoden. (Toekomstperspectieven)   
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1. General introduction and definitions regarding mycotoxins 
 
The food and feed industry is mainly influenced by the demands of the consumers on the one 
hand and the established national and international legislation on the other hand. An 
additional pressure for these sectors is the complexity of our current food and feed supply 
system which is characterized by a strong globalisation. Consequently, this means an easy 
spread of food and feed related hazards. Therefore, it is important to control microbiological 
and chemical hazards and consequently guarantee food and feed safety. Within the group of 
contaminants, mycotoxins occur in food and feed and are produced as low molecular weight 
secondary metabolites by various fungal species such as Aspergillus, Penicillium, Fusarium and 
Claviceps. Importantly, not all fungi are capable of producing mycotoxins and not all secondary 
metabolites are mycotoxins [1, 2]. Fungi which are capable of producing mycotoxins are called 
toxigenic fungi [1, 2]. Additionally, one specific fungus can produce different mycotoxins and 
one mycotoxin can also originate from different species. The role of these secondary 
metabolites remains vague since mycotoxins are not essential for the survival, development 
and growth of fungi but they provide some potential advantages to the producing organisms 
[1, 2]. Potentially, secondary metabolites play a role in interspecies communication and 
chemical defence against competing organisms or other environmental stress factors [3].  
 
Mold growth and mycotoxin production depend on complex interactions between various 
intrinsic and extrinsic parameters such as temperature, water activity, oxygen activity, pH, 
oxygen and carbon dioxide levels, substrate composition, presence of competitive 
microorganisms and prevalence of diverse fungal species [1, 4]. On the one hand, intrinsic 
factors include fungal species, strain variation and intermicrobial interactions [1]. On the other 
hand, climate parameters (temperature, humidity) and interactions with other chemicals are 
extrinsic factors which influence the mycotoxin production [1]. Importantly, once mycotoxins 
are produced, they can cause toxic effects in humans and animals, although they are usually 
present in very low concentrations, more specifically within the ppb-ppt range. Additionally, 
the mycotoxin concentration can increase during storage and transport. Next to the potential 
toxic effects on humans and animals, the impairment of the quality of crops is an important 
economic issue, especially in developing countries where little or no fungicides are available 
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[5, 6]. Additionally, the agro industry of a wide range of countries suffers from mycotoxin 
contamination which indicates this is not only a problem for developing countries [5]. The 
Food and Agriculture Organization (FAO) of the United Nations estimates that worldwide 25 % 
of all grains is contaminated with mycotoxins [7]. Economic losses can be caused by effects on 
the export and a possible decrease of the livestock and agricultural products [5]. 
Consequently, the food and feed industry is extremely attentive to this issue since economic 
consequences of mycotoxin contamination should not be underestimated [1].  
 
Acute and chronic disease symptoms related to mycotoxins are classified under the name 
mycotoxicosis. Various examples illustrate the occurrence of toxic effects caused by 
mycotoxins during history. In 1962, the turkey-X-disease which caused death in more than 
100.000 turkeys, was found to be the consequence of aflatoxins produced by Aspergillus flavus 
[8]. Next to animals, also humans have already been victims of mycotoxicosis. In the Middle 
Ages, people died of Holy Fire, also known as Saint Anthony’s Fire [9]. This disease which is 
caused by ergot alkaloids produced by fungi of the Claviceps genus, also led to thousands of 
deaths in India and Ethiopia last century [9]. These mycotoxicoses are only two examples of 
possible effects of contaminated food or feed. Recently, the importance of exposure to 
mycotoxins in our daily life was clearly demonstrated by analysis of biomarkers in human urine 
[10, 11]. The actual effect of mycotoxins after intake is dependent on the concentration, 
period of exposure and the susceptibility and nutritional habits of the intoxicated person [1]. 
Mycotoxins can be present in a whole variety of food and feed matrices such as maize, wheat, 
nuts, rice, herbs and fruits [5, 7]. Food and feedstuff can become contaminated before 
harvesting or during harvesting, storage, processing or transport [5, 7]. Since a large part of 
harvested grains is used as feed, the animal stock is also potentially exposed to contaminated 
feed. Consequently, mycotoxicosis can also occur in animals. Therefore, meat and derived 
animal products such as milk, cheese and eggs are also sensitive to contamination [5, 8]. 
Additionally, fungi and mycotoxins are also found to be present in air, buildings and houses 
[12, 13]. Contamination with mycotoxins can occur in a direct or indirect manner [5, 14]. The 
former is related with direct ingestion or inhalation of contaminated products, food, feed or 
air. The latter occurs in case mycotoxins are present in for example meat products of animals 
which ate contaminated feed.  
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Since a wide range of fungal species is capable of producing mycotoxins, these low molecular 
weight contaminants form a large and diverse group [15]. As a result of their high diversity, 
mycotoxins are categorized in several groups depending on their structure, chemical and 
physical characteristics and toxicity. The most generally known mycotoxins are aflatoxins, 
trichothecenes, ochratoxins, fumonisins, zearalenone, ergot alkaloids and patulin. Some of 
these mycotoxins can be carcinogenic, nephrotoxic, hepatotoxic, immunosuppressive or can 
cause gangrene. To protect the health of humans and animals, several organizations such as 
the World Health Organisation (WHO) and the International Agency for Research on Cancer 
(IARC) conduct and support research regarding toxicity and possible health effects. For 
example, IARC investigates molecules and divides them in groups depending on their 
carcinogenic effects on humans: (i) group 1 are carcinogenic substances, (ii) group 2A are 
probably carcinogenic substances, (iii) group 2B are possibly carcinogenic substances, (iv) 
group 3 are substances which do not fit in the other groups since no sufficient evidence exists 
regarding their carcinogenetic effects in humans, for example by lack of experimental data, 
(v) group 4 are probably non-carcinogenic substances. Additionally, maximum levels for 
different mycotoxins in various matrices are set by both national and international 
regulations, directives and recommendations.  
 
The actual health effects of mycotoxins are highly dependent on their specific structure and 
characteristics. Mycotoxins can target different organs or systems in organisms which results 
in different symptoms related to a specific mycotoxicosis. Hereafter, some of the most 
important mycotoxin groups and their health effects are described. The aflatoxins B1, B2, G1 
and G2 are mainly produced by Aspergillus flavus and A. parasiticus [1] and are detected in 
for example maize and nuts [16]. Generally, they occur in warm (>20°C) and humid (>14 %) 
environments [16]. Amongst all mycotoxins, aflatoxins are the most dangerous ones since 
they are mutagenic, teratogenic and carcinogenic and therefore these compounds are placed 
in group 1 of the IARC classification system [7, 17]. Additionally, aflatoxins are described to be 
immunosuppressive and hepatotoxic in which especially B1 plays a role in inducing liver 
damage [17]. Once consumed, aflatoxin B1 is metabolized in the liver to the less toxic M1 form 
which is a group 2B carcinogen and occurs in animal tissue and milk [7, 16]. Consequently, 
aflatoxins can also be consumed through eggs, meat and dairy products of contaminated 
animals [16]. As a second example, ochratoxin A (OTA) is the most occurring ochratoxin which 
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is produced by Penicillium verrucosum, Aspergillus ochraceus, A. carbonarius and in low 
amounts by A. niger [16, 18, 19]. OTA is found worldwide in a broad range of food and feed 
types such as grain, beans, herbs, nuts, raisins and wine [16, 18]. This mycotoxin is 
nephrotoxic, immunotoxic, teratogenic and is classified as a group 2B carcinogen [18, 19]. 
Since OTA is absorbed by the gastrointestinal tract, it can intoxicate humans through 
consumption of contaminated animal products [16, 17]. Next, fumonisins B1, B2 en B3 are 
non-fluorescent mycotoxins which are mainly produced by Fusarium verticillioides and F. 
proliferatum [16, 17]. Fumonisins contaminate especially maize but possibly also rice, 
asparagus, beer and beans [17]. Intoxication with this type of mycotoxins is related with 
leukoencephalomalacia in horses, lung oedema in pigs, liver and kidney tumors in rodents, 
and esophagus tumors, liver toxicity and neural tube defects in humans [16]. Fumonisins are 
not transferred to eggs, meat and dairy products since they are hardly absorbed in tissue [16]. 
Another mycotoxin which is produced by various Fusarium species such as F. graminearium 
and F. culmorum is the complex macrocyclic lacton zearalenone (ZEN) [20]. The optimal 
growth condition for these species is a humid and cold climate such as in Europe and USA [16, 
20]. Additionally, these two species are also known producers of deoxynivalenol (DON) (see § 
3.) which often results in a co-occurrence of ZEN and DON in one sample [16, 20]. In the body, 
the non-steroidal mycotoxin ZEN is metabolized into α- and β- zearalenol [20]. The chemical 
structure of ZEN and its metabolites is similar to 17β-estradiol which is the most important 
hormone produced in the ovaries [5]. Therefore, ZEN acts as an agonist of estrogen hormones 
since it binds on estrogenic receptors [20]. Consequently, the presence of these compounds 
can lead to hormonal changes in the body since they can disturb estrogen dependent 
transcription in cells [1, 16]. For example, ZEN is capable of influencing growth and 
development of children resulting in an early puberty [15]. It has been stated that intoxication 
would also result in a reduced fertility of women and cervical cancer [15, 20]. Additionally, 
research indicated that ZEN could be involved in the growth of human breast cancer cells by 
interaction with the estrogen binding sites [1, 20]. However, due to inadequate evidence, ZEN 
is classified in the IARC group 3 despite the described potential relation with reproductive and 
development toxicity, immunotoxicity, genotoxicity and carcinogenicity [20]. The mycotoxin 
ZEN can be found in maize, wheat, barley, oats, sorghum, rye, rice and beer [8, 20]. Other 
examples of mycotoxins, more specifically the Alternaria toxins such as alternariol, alternariol 
monomethyl ether, altenuene and tenuazonic acid, some of which are reported to be 
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genotoxic and mutagenic, are produced by Alternaria alternata [21]. These mycotoxins are 
typically found in wheat, tomatoes, apples and sunflower seeds [21]. As a final example, 
Penicillium and Aspergillus species such as P. expansum can produce patulin which is found in 
apples, apple products, rotting fruit and cheese [22]. Patulin is described to induce damage at 
the gastro-intestinal tract such as ulceration and inflammation of the stomach and intestines 
as well as to inhibit RNA polymerase and aminoacyl tRNA synthetase [22]. Additionally, this 
mycotoxin is related with mutagenic, teratogenic and carcinogenic effects [22]. However, it is 
classified by the IARC as a group 3 toxin [23]. The above described examples of well-known 
mycotoxins indicate the large variation in different existing molecules with their own effects 
and mode of actions. As a result of this high diversity of the mycotoxins, only the ergot 
alkaloids and DON will be discussed in more detail since the applications which were 
developed in this thesis focussed on these mycotoxins. The choice of selecting these 
mycotoxins will be clarified in Chapter 2. 
 
2. Ergot alkaloids 
 
Ergot alkaloids are produced by the fungal Claviceps species and especially by C. purpurea [24]. 
These fungi and corresponding toxins infect mostly cereal based products but also other crops, 
grasses and higher plants can act as hosts [9, 24, 25]. Typically, Claviceps species replace the 
surrounding seed tissue with high amounts of fungal tissue which hardens to a sclerotium [16, 
26, 27]. Ergot alkaloids are found in these dark coloured slerotia (Figure 1.1), which show a 
variation in composition and concentration of these toxins [16, 26, 27]. Ergot sclerotia consist 
for 30 to 40 % of fatty oils and up to 2 % of ergot alkaloids [24]. Consequently, the infected 
crop can be processed for food or feed consumption and results in toxin ingestion in case 
contamination was not detected [16, 24, 26, 27]. Importantly, present grain purification 
techniques eliminate most of the sclerotia [5]. However, during dry periods these techniques 
can become unreliable since smaller sclerotia are produced with a similar size as the grain 
itself [27]. Consequently, sclerotia can still pass through the purification steps and can be 
broken during transport which results in an easier access to the food and feed chain [27]. 
 
CHAPTER 1 – MYCOTOXINS IN THE FOOD AND FEED CHAIN – ANALYSIS AND RECOGNITION ELEMENTS    
 
8 
 
 
Figure 1.1. Mixture of healthy wheat grains and sclerotia (black) related to infection by Claviceps species. 
[28] 
 
Intoxication of ergot alkaloids can lead to ergotism of which a gangrenous and convulsive form 
is described [5, 29]. The gangrenous form influences the blood supply to the limbs by inducing 
vasoconstriction which results in gangrene of fingers, hands and feet [5, 29, 30]. On the 
contrary, the convulsive form targets the central nervous system [5, 29]. The toxic effects of 
ergot alkaloids are related with their ability to interact with adrenergic, serotonergic and 
dopaminergic receptors. More specific, symptoms following intoxication with lower 
concentrations can include nausea, hallucinations, insomnia, burning sensations of the skin 
and abdominal pain [30]. To date, ergot alkaloid intoxication remains especially a veterinary 
problem whereas it has nearly been eliminated as human disease because of the modern grain 
purification techniques which lead to disappearing of ergot alkaloids from the food chain [5, 
30]. Especially chickens, birds, sheep, cattle and horses are sensitive to intoxications with 
ergot alkaloids which can increase intestinal inflammation and stillbirths [5, 30]. Additionally, 
ergotism in these species can result in clinical symptoms such as gangrene, abortion, 
convulsions, lactation suppression, hypersensitivity, weight loss, loss of coordination of 
voluntary muscular movements and even death [5, 27]. The European Food Safety Agency 
(EFSA) sets an acute reference dose of 1 μg/kg body weight and a tolerable daily intake of 0,6 
μg/kg body weight for ergot alkaloids in food and feed [31]. Referring to these EFSA values, 
the European Commission regulation 2015/1940 puts the maximum levels of ergot sclerotia 
for unprocessed cereals (with the exception of corn and rice) at 0,5 g/kg [31].  
 
The large group of more than 40 different ergot alkaloids is divided into three major classes: 
(i) clavine ergot alkaloids, (ii) lysergic acid derivatives and (iii) ergot peptides [24, 30]. EFSA 
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considers ergometrine (simple lysergic acid derivate) and ergosine, ergotamine, ergocristine, 
ergocryptine and ergocornine (ergot peptides) as the six major ergot alkaloids of which the 
contamination level should be controlled [29, 30]. These alkaloids are characterized by a 
common tetracyclic ergoline ring and diverse side chains as depicted in Figure 1.2. Unlike 
lysergic acid which contains two stereoactive carbon atoms (C5 and C8), the C5 position of the 
ergot alkaloids is fixed [26]. However, since the ergoline ring contains one unsaturation at the 
C9-C10 double bound which favors enolization of the carbonyl group, epimerization can occur 
via an enol intermediate at the C8 position can function as a stereogenic center [9, 24]. 
Consequently, both biologically active C-(R) (-ines) and inactive C-(S) (-inines) epimers exist 
and are converted rapidly into each other through an enol-like intermediate as depicted in 
Figure 1.3 [26]. The occurrence of epimerization is dependent on the applied solvent and can 
also occur for example due to their sensitivity to light and temperature [9, 24, 26]. At room 
temperature for example, the ergot alkaloids do not epimerize in chloroform whereas an 
epimerization of less than 5 % is found in aceton or acetonitrile [32]. Application of methanol 
or methanol/water (30/70) results in an epimerization rate of 70 % after 38 days and 47 % 
after 42 days respectively [32]. Therefore, both epimers should be taken into account when 
performing sample clean-up and analysis of the ergot alkaloid content to avoid 
underestimation of the complete ergot alkaloid levels [27]. Additionally, to suppress the 
epimerization when performing ergot alkaloid analysis, samples should be kept as much as 
possible in the dark at low temperatures. 
    A                                                                B                                        
                           
Figure 1.2. Chemical structures of the six major ergot alkaloids containing the same basic structure with 
specific side chains. A: Basic ergoline structure. B: Different R-groups. 
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Figure 1.3. Mechanism of reversible epimerization between R- and S-epimers of the ergot alkaloids. 
 
3. The trichothecene deoxynivalenol 
 
Within the group of mycotoxins, the trichothecenes form an extensive group of more than 
150 various toxins in which deoxynivalenol (DON), nivalenol (NIV), T2 toxin, HT2 toxin and 
diacetoxyscirpenol (DAS) are the most important ones [5, 8]. These mycotoxins are mainly 
produced by Fusarium species but also production by Myrothecium, Phomopsis and 
Trichotecium species occurs [5]. The tricothecenes owe their name to the first mycotoxin 
which was found in this group, more specifically to trichothecin [5]. All toxins within this group 
share the same basic tetracyclic structure with a C9-C10 double bound and they all possess an 
epoxide on the C12-C13 position which is responsible for their toxic characteristics [8, 33]. 
Toxicity of tricothecenes is correlated with necrosis of the oral mucosa and skin which were 
in contact with the mycotoxin, together with acute effects on the digestive system, a reduced 
bone marrow production and a reduced immune function [8]. Additionally, trichothecenes are 
known for their inhibition of the RNA and DNA synthesis by binding on active ribosome sites 
[33, 34]. Consequently, peptide linkages are disturbed and start or stop codons are no longer 
recognized, which results in a disturbance of the total protein cycle [34]. Optimal production 
of tricothecenes occurs at a high humidity and temperature between 6 and 24 degrees Celsius 
[8]. The group of tricothecenes is subdivided in four smaller groups which are called A, B, C 
and D type toxins [35]. Groups A and B are predominant and are found in grains and feed, 
whereas the macrocyclic C and D groups are less frequently found in food and feed [33]. The 
T2, HT2 and DAS toxins belong to type A whereas DON and NIV are both categorized as type 
B tricothecenes [33]. The general structure of the type B tricothecenes is depicted in Figure 
1.4A. In the trichothecenes group, the most frequently detected mycotoxin is DON, which is 
also called vomitoxin [36]. This non-fluorescent mycotoxin is produced by Fusarium species 
and more specifically mainly by F. graminearum and F. culmorum [16]. The structure of the 
DON mycotoxin is displayed in Figure 1.4B, which shows that the R1, R3 and R4 groups are 
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hydroxyl functions whereas on the R2 position a hydrogen atom occurs. Additionally, this 
molecule demonstrates a good solubility in polar solvents such as water, alcohols and more 
specifically methanol [37].  
 
                           A        B  
                            
Figure 1.4. General structure of the type B tricothecenes mycotoxins (A) and the structure of the 
deoxynivalenol (DON) mycotoxin (B). 
 
The DON mycotoxin most often occurs in grains such as wheat, barley, oats, rye, rice and corn, 
both on-field and during storage [5, 16, 38]. Humans are typically exposed in a direct way by 
consuming foodstuff of plant origin or indirectly by foodstuff of animal origin such as kidney, 
liver, milk and eggs [39]. Importantly, DON resists normal food processing techniques as well 
as high temperature and pressure treatments [2]. Storing conditions characterized by a 
humidity lower than 14 % and avoiding insect outbreaks are profitable to reduce and control 
the DON levels [16]. 
 
Although DON appears to be less toxic compared to other trichothecenes, it forms a threat to 
the public health and agro-economy [5, 37]. Intoxication of animals or humans with DON can 
lead to several acute and chronic symptoms depending on the dose. Acute high exposure to 
DON is capable of inducing acute gastroenteritis and consequent vomiting, nausea, diarrhea, 
abdominal pain, headache, dizziness and fever [5, 36, 39]. These vomiting effects could be a 
result of immune and/or neuroendocrine dysregulation [36]. Intake of small doses can lead to 
primary chronic effects such as decreased feed intake by reduced appetite or refusal, weight 
loss with consequent anorexia, growth retardation, altered immune function, affected 
reproduction and impaired development by maternal intoxication [5, 36-38]. Furthermore, 
DON is able to inhibit protein synthesis in eukaryotic cells by interfering in initiation, 
elongation and termination and consequently disturbing cell signaling, differentiation and 
proliferation, with cell death as potential result [5, 38]. However, so far DON is not classified 
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as carcinogenic for humans since it is part of the IARC group 3 [35]. Importantly, the sensitivity 
of animals to DON is dependent on the species, with high susceptibility for pigs and a relative 
resistance for poultry and ruminants [36]. This unequal sensitivity can possibly be due to 
variations regarding metabolism, absorption, distribution and elimination of this compound 
[36]. To study the real correlations between DON consumption, gastroenteritis and chronic 
diseases, investigation is required and became possible for humans by detection of 
biomarkers of exposure such as DON glucuronide [38]. A recent urinary biomarker study 
illustrates the importance of DON since this mycotoxin and its metabolites were amongst the 
mycotoxins which were most frequently detected [11].  
 
The European government set maximum levels for DON in various food products such as 1750 
µg/kg for unprocessed durum wheat, oats and maize, 1250 µg/kg for other unprocessed 
cereals, 750 µg/kg for cereals intended for direct human consumption and dry pasta, 500 
µg/kg for bread, pastries, biscuits, cereal snacks and breakfast cereals, and 200 µg/kg for 
processed cereal-based foods and food for infants and young children [40]. Furthermore, only 
recommended levels exist for DON in feed [40].  
 
4. Mycotoxin analysis techniques 
 
4.1.  Introduction 
The above described potential adverse effects of mycotoxins on both human and animal 
health, clearly indicate the need for sensitive, accurate and rapid detection which is highly 
important to provide information concerning the mycotoxin levels within food- or feedstuff. 
Consequently, both qualitative and quantitative techniques for mycotoxin detection are 
essential to obtain straightforward knowledge concerning the mycotoxin content of certain 
samples. In general, mycotoxin analysis consists of two complementary parts which include 
rapid screening tests and confirmation methods. To reduce analysis time and costs, 
confirmation methods are often only performed when a rapid test identified a sample as non-
compliant. Most of the recently developed methods focus on the simultaneous analysis of 
multiple mycotoxins since different mycotoxins often occur in one sample [41]. This multi-
analyte detection can reduce costs and time of analysis as well. However, it is characterized 
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by a decrease in sensitivity compared to the single analyte analysis since a compromise has to 
be found for several different compounds.       
 
4.2. Rapid screening tests 
4.2.1. General principle 
Rapid screening methods are used to detect the presence of analytes and to distinguish 
between positive and negative samples in a rapid, straightforward and non-expensive 
manner. In general, these tests are widely used and often based on immunochemical 
principles, more specifically on interactions of the target with specific antibodies. However, 
the currently available rapid tests are characterized by a number of disadvantages and 
limitations such as a lack of robustness [42]. Additionally, existing screening methods suffer 
from matrix interferences which results in an often inadequate sensitivity in complex food and 
feed samples. Historically, rapid tests were mainly used for the detection of a single analyte 
[43], although it has been demonstrated that co-contamination of multiple mycotoxins often 
occurs [41].  
 
Rapid screening tests mainly consist of the traditional immunoassays and biosensors. Non-
instrumental immunochemical techniques can be used on-site with an easy sample 
preparation such as methanol or methanol/water extraction, filtration and dilution [44]. This 
allows the user to make a fast decision based on the results directly obtained by these tests. 
The compliance of a sample can be visualized by the use of several possible labels (see § 
4.2.2.). Rapid screening tests are mostly based on a cut-off value. In case the cut-off 
concentration for a certain analyte is exceeded, a visual test signal will be absent or present, 
dependent on the format of the screening test which is applied. A control signal which is used 
to control the performance of each test can be present. In some cases, semi-quantitative 
analysis is possible based on the measured absorptions such as in direct and indirect enzyme-
linked immunosorbent assays (ELISA). Different formats of screening tests are widely used 
such as lateral flow, dipstick, flow-through, (tandem) column and ELISA tests [44]. In general, 
these traditional immunoassays are often based on a direct competitive principle by 
immobilizing mycotoxins or specific antibodies. The sample is transferred to the experimental 
setup followed by the addition of labeled specific antibodies or labelled mycotoxins in order 
to obtain a competition between free and immobilized antibodies or mycotoxin molecules. 
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The principle of rapid screening tests can be illustrated by the (tandem) column test (Figure 
1.5). More specifically, some matrices such as certain spices and peppers are characterized by 
a strong intrinsic colour which can negatively influence the performance of rapid tests. For 
these type of matrices additional purification steps are needed prior to detection. Therefore, 
a solid phase purification step and an immunoassay are combined in one tandem column test. 
For example, the purification layer can consist of aminopropyl silica to reduce the colour 
intensity of the sample extracts and to minimize matrix effects. The actual immunolayer is a 
gel in which specific antibodies are present to interact with mycotoxin molecules. If 
mycotoxins are present in the sample, they will interact with the specific antibodies. 
Consequently, no binding sites are present for interaction with labelled mycotoxin molecules 
and no signal is obtained. Due to the prior clean-up and pre-concentration of the sample 
extract, the sensitivity is in general higher compared to other membrane tests. Additionally, 
larger extraction volumes can be used and several immunodetection layers with different 
specific antibodies can be combined to obtain multi-mycotoxin column tests (Figure 1.5). [44]  
 
 
Figure 1.5. Principle of a multi-mycotoxin tandem column test in which a clean-up layer is placed prior to the 
mycotoxin detection layers in which specific antibodies are immobilized.  
 
As described above, the existing rapid screening tests are generally based on competitive 
assays. Non-competitive assays such as sandwich assays are not possible for the detection of 
mycotoxins, since in this type of assays detection is obtained by both capturing and detection 
antibodies [45]. Therefore, two different epitopes should be present on the target for 
recognition which is not the case for mycotoxins, related to the small size of these molecules. 
Next to the traditional immunoassays, more advanced biosensors of various formats exist 
which will not be tackled.  
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4.2.2.  Labels used in rapid screening tests 
All the above described rapid tests use labelled antigen molecules or labelled antibodies for a 
visual detection of mycotoxins. Various labels have been applied for this purpose such as 
enzymes, colloidal gold, luminescent labels, radioactive labels and DNA or RNA reporters. 
When antigens or antibodies are coupled to enzymes, substrates need to be added which 
result in coloured compounds after enzymatic reaction. As an example, horseradish 
peroxidase (HRP) is an enzyme which oxidizes tetramethylbenzidine (TMB) to the TMB-diimine 
form resulting in a blue colour. Although high sensitivities are achieved by applying enzymatic 
labels, decay of the enzyme could lead to false positive or negative results. Additionally, more 
washing and application steps are needed related to substrate usage and the existence of a 
stringent protocol due to the strict timeframe in which the enzymatic reaction should take 
place. Next to enzymes, colloidal gold nanoparticles (AuNP) are often used as labels and are 
the most popular in lateral flow devices since synthesis and conjugation to antibodies or 
antigens is easy, rapid and inexpensive. Furthermore, AuNP remain stable under various 
conditions. Typically, these particles have 40 nm sizes which results in a red colour of the 
transmitted light as they absorb in the blue-green spectral range. [44, 46-48]  
 
Luminescent labels form another group which can be applied in rapid screening tests for 
mycotoxins. Luminescence occurs when excited electrons fall back to a lower energy level. 
The corresponding energy is emitted as photons related with specific wavelengths. 
Rhodamine 6G for example is a fluorescent dye of which the signal can be analysed easily by 
fluorometers. The use of luminescent labels and more specific quantum dots (QD) is promising 
and expanding because of the high signal intensity and the possibility for multiplexing. QD 
particles are inorganic luminescent semi-conductors with sizes in the low nanometer range. 
Depending on their size, the colour of the emitted light changes. These spectral characteristics 
allow a simultaneous excitation at one wavelength of different particle sizes, resulting in 
emission at multiple wavelengths, which makes them perfect multiplex detection labels. 
Usually, QD particles are synthetized in organic solvents which makes them insoluble in water. 
However, different techniques have already been described to alter this solubility. CdSe based 
QD are the most popular since they are able to emit light in the whole visible spectrum. The 
CdSe core is coated with a ZnS shell to increase the quantum yield with a factor of 10 [49, 50]. 
To tackle the problem of the different crystal structures, a CdS interlayer is used which is 
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compatible with both CdSe and ZnS (Figure 1.6). For a CdSe/ZnS QD, a 20-fold higher intensity 
is described together with a 100 times higher stability regarding photobleaching compared to 
the traditionally used rhodamine 6G [51]. Analysis on-site is limited to the availability of a UV 
lamp for visualization. The use of QD as labels in fluorescence-linked immunosorbent assays 
(FLISA) is already described for several bioanalytical applications [52-55]. Since 2010, QD are 
also reported to be used in lateral flow immunoassays and column tests [56-58]. Remarkably, 
the visual detection limit of a certain rapid test based on QD was ten times lower compared 
to colloidal gold [58]. Beloglazova et al. reported the first application of QD in an antibody 
based column test [59]. Since these labels are often used in tests combined with antibodies, 
biocompatible QD are desired which are homogenously distributed in aqueous solutions and 
stable at different pH and salt conditions. Additionally, a low amount of non-specific 
interactions with biological compounds is wanted, together with the preservation of a high 
quantum yield. Ideally, QD express functional groups on their surface for conjugation 
reactions. [60]  
 
 
Figure 1.6. Representation of Quantom dots (QD) with a CdSe/ZnS (A) and CdSe/CdS/ZnS (B) structure. 
 
Beloglazova et al. investigated the (dis)advantages and differences between the use of HRP, 
AuNP and QD in gel-based immunoassays [46]. The above described disadvantages of the 
enzyme labelling were illustrated by for example the five-step protocol versus four 
consecutive steps in case of AuNP and QD due to the substrate which needs to be added. 
Furthermore, enzymes are not as stable as the other described labels. AuNP were found to be 
easy, rapid, non-expensive and stable labels. However, QD tend to be most promising since 
they are characterized by a high photostability and a lower limit of detection (LOD) compared 
to HRP and AuNP.    
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4.3. Confirmatory methods 
4.3.1. General principle   
Confirmation methods are used for an accurate and precise identification and quantification 
of mycotoxins present in food and feed samples. For this purpose, research focuses on 
development of chromatographic methods. Several chromatographic techniques are 
described such as gas (GC), liquid (LC) and supercritical fluid (CO2) chromatography coupled to 
for example ultraviolet (UV), fluorescence, mass spectrometry (MS) or tandem MS/MS 
detectors. Especially LC-MS and LC-MS/MS gained a high popularity as confirmation methods 
for simultaneous quantitative multi-mycotoxin analysis [30]. More specifically, LC-MS/MS 
confirmation analysis is the standard technology which is applied to determine mycotoxins 
and their concentrations.  
 
4.3.2.  Sample preparation and recognition elements 
Prior to analysis by confirmatory methods, sample preparation is an important step to remove 
potential interferences and pre-concentrate the analytes, especially when working with 
complex matrices such as food and feed. Nevertheless, this process is time-consuming since 
it occupies 61 % of the total confirmation analysis time [61]. Additionally, a decreased use of 
organic solvents is also desirable [62]. Moreover, analysis errors are usually related to the 
sample preparation procedures since matrix components can elute together with the target 
analytes, even if preceded by optimized purification steps. Consequently, these eluting matrix 
components can suppress or enhance ion formation in LC-MS/MS (see § 4.3.3.) and therefore 
influence the reproducibility and accuracy of the methods which can lead to false negative or 
positive results [63, 64]. Traditionally, samples are grinded and mycotoxins are extracted from 
the matrix. However since mycotoxins are present in low concentrations, extra purification 
and pre-concentration is needed. This sample preparation is often performed prior to LC-
MS/MS analysis by solid phase extraction (SPE) based on non-selective interactions such as 
MycoSEP® and MultiSEP® columns which retain matrix components while mycotoxins pass 
through the columns. In general, four different steps are performed on SPE columns: (i) 
conditioning, (ii) adding the sample, (iii) washing, (iv) elution (Figure 1.7).  
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Figure 1.7. Solid phase extraction (SPE) steps including conditioning of the column, adding the sample, 
washing to remove interfering matrix compounds and elution of the targeted mycotoxins. 
 
Since very low detection limits with LC-MS/MS methods can only be achieved when selective 
extraction procedures are performed, the use of selective recognition elements is an 
important trend in sample preparation. Noteworthy, this approach is often difficult to 
combine with multi-analyte analysis. Therefore, molecular recognition elements which 
specifically bind with different target analytes are required for a selective detection in a multi-
analyte approach. Several specific recognition elements have already been described such as 
antibodies and molecularly imprinted polymers (MIP). The use of antibodies in SPE 
(immunoaffinity chromatography (IAC)) or MIP in SPE columns (MISPE) results in elution of 
the target analytes without interfering molecules which are also present in the sample and 
will be eliminated during the washing steps. In mycotoxin analysis, antibodies are the most 
commonly used components in commercially available screening methods [44, 65]. Their 
recognition is based on antigen-antibody interactions and therefore they are characterized by 
a high specificity and binding capacity. Several anti-mycotoxin antibodies are being produced 
on a large scale and used in divers immunochemical tests. For example, the production of anti-
ZEN and anti-DON have already been described in detail to analysis these mycotoxins in food 
and feed [66, 67]. In this research, specific antibodies were used for DON analysis (see Chapter 
6 and 7). Despite their high specificity and broad use, antibodies are also characterized by 
some disadvantages such as stability problems, high development costs, long development 
procedure, problems with immobilization and ethical interests since animals are used for the 
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production [68]. Additionally, mycotoxins are small molecules which results in difficulties with 
the production of the immunogens. Therefore, different alternative recognition elements 
have been developed such as MIP and aptamers. MIP were used in this research for ergot 
alkaloid analysis (see Chapter 3, 4 and 5). In general, MIP are developed by creating a 
tridimensional polymer network in which cavities are present which are complementary to 
the target analyte(s) based on functionality and geometry. These polymers are stable at low 
and high pH, pressure and temperature. Additionally, MIP are easier to synthetize compared 
to antibodies and can be reused without losing their characteristics. Since both antibody and 
MIP recognition elements were applied within this research, a more detailed description will 
be given further in this chapter (see § 5. and 6.)         
 
4.3.3.  LC-MS/MS as standard mycotoxin confirmation method   
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) has the highest accuracy, 
reliability and robustness of the methods used to quantitatively investigate mycotoxins and is 
therefore used as reference method for official control of food and feed [69]. LC-MS/MS 
analysis is based on a chromatographic system coupled to a mass detector. The LC part is used 
to separate components based on their different affinity for the mobile and stationary phase. 
After LC, the separated molecules are transferred to the mass spectrometer in which three 
main parts can be distinguished: (i) ion source, (ii) quadrupoles and (iii) detector. First, 
electrospray ionisation (ESI) is applied as ionisation source under atomic pressure. Next, 
charged molecules enter the MS to reach the first quadrupole. In this way, precursor ions with 
the desired mass-to-charge ratio are selected and continue to the collision cell to obtain 
fragmentation. These fragmentation ions are transferred to the next quadrupole to select 
again the desired mass-to-charge ratios which will reach the detector. In case a full scan is 
desired, all ions entering the first quadrupole will be analysed which results in more 
complicated spectra but also in a decreased sensitivity. In general, peak intensities allow 
quantification of the mycotoxins present in the sample. [70, 71] 
 
For mycotoxin analysis, most LC-MS/MS methods focus on the simultaneous detection of 
several mycotoxins. Next to different analytes, very diverse and complex food, feed and 
biological matrices need to be analysed in which ion suppression and ion enhancement by 
these matrices should be thoroughly studied and avoided as much as possible. Several multi-
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mycotoxin methods for different matrices are described in literature [30, 72-77]. Preferably, 
these methods result in a sufficient resolution and are as easy and short as possible. In order 
to obtain a sufficient peak intensity for each molecule in multi-mycotoxin methods, a 
compromise is often made when optimizing the different LC and MS parameters. Once 
optimized, the different targeted mycotoxins can be clearly identified by one single method.   
 
5. Molecularly imprinted polymers as recognition elements in mycotoxin analysis  
 
5.1.  Introduction and definitions regarding molecularly imprinted polymers 
Molecularly imprinted polymers (MIP) are synthetic recognition elements used for the 
selective binding and subsequent detection and/or removal of target molecules in several 
matrices. MIP are being produced as alternatives to more conventional recognition elements 
such as antibodies. Since antibodies suffer from some important drawbacks, including a 
limited stability at low/high pH and temperature, there is an urgent need for more powerful 
alternatives [68]. Moreover, this indicates that application of antibodies in industrial 
processes is difficult which also shows the need for development of new types of molecular 
recognition elements. As a result, MIP are increasingly used as they show higher stability and 
robustness in diverse environmental and chemical conditions such as low and high pH, 
pressure and temperature which positively influences the reusability without losing their 
properties. [68, 78] Additionally, MIP are easier, faster and less expensive to produce 
compared to the conventional antibodies since no animal models are required [27]. 
Production and application of MIP for selective binding and detection in food and feed 
matrices have been described for several contaminants and more specifically for a broad 
range of mycotoxins such as fumonisin B [79], ergot alkaloids [27] and T-2-toxin [80]. In this 
research, MIP particles were developed for ergot alkaloids and applied in a new type of SPE. 
 
5.2.  Overview of the molecular imprinting technology parameters and applications 
5.2.1.  General principle and definition of molecular imprinting 
MIP particles contain tridimensional cavities which are able to recognize the analyte of 
interest. The typical polymerization reaction applied for MIP production is shown in Figure 
1.8. In the presence of template molecules which represent the target analyte, functional 
monomers are added to form the pre-polymerization complex. Additionally, crosslinker 
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molecules are applied in order to stabilize the tridimensional structure of the MIP particles. 
The polymerization is typically performed in a solvent upon the action of an initiator. After 
complete polymerization, the template molecules are washed from the cavities. As a result, 
these cavities with specific binding sites become available for rebinding target molecules since 
they establish complementarity in size, shape and functional groups. Since polymers are 
susceptible to non-specific binding which can result in interactions with molecules other than 
the analyte of interest, non-imprinted polymers (NIP) are produced following the same 
principle except that no template is added. Consequently, NIP particles do not possess specific 
template binding sites and are widely used as a control to distinguish between selective and 
non- selective interactions.  
 
 
Figure 1.8. Polymerization process for the production of molecularly imprinted polymers (MIP). 
 
5.2.2.  Reagents for molecular imprinting 
A whole range of different components is involved in the molecular imprinting process, more 
specifically, template molecules, functional monomers, crosslinker molecules, initiator 
molecules and porogens/solvents. The choice of each component is crucial since it influences 
the size and characteristics of the final MIP particles. The first important component is the 
template molecule which represents the target analyte. The template and the target analyte can 
be the same molecule. However, in case of safety issues concerning the target analyte such as 
high toxicity, a dummy template is often used. This dummy has a similar but different structure 
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as the target analyte. In case of template bleeding, which is the unwanted release during analysis 
of residual template molecules after washing, dummy templates are also useful to distinguish 
between the actual target and remaining template molecules. The choice of a suitable template 
is highly important since the functional groups which are present determine which functional 
monomer will be used to form the pre-polymerization complex. More specifically, template 
molecules need to express functional groups which can interact with complementary functional 
groups present on the functional monomer. Importantly, template molecules need to be 
chemically inert and stable under the applied polymerization conditions such as temperature or 
UV radiation which are needed for initiation of the reaction. [27, 63, 78].  
 
The second important reagent for polymerization is the functional monomer. As mentioned 
above, the choice of this monomer is guided by the template since the functional monomer 
molecules need to have complementary functional groups. Consequently, the functional 
groups will determine the type of interactions between the template and the functional 
monomer. Functional monomers are usually present in excess to the amount of template 
molecules to promote the complex formation and maintain the integrity of this complex 
during the polymerization process. In case of templates with basic functional groups, 
methacrylic acid (MAA) is mostly used, whereas 4-vinylpyridine (4-VP) is mostly used in 
combination with acidic templates (Figure 1.9). For example, the carboxyl group of MAA is able 
to interact with basic groups on templates by hydrogen bonds. [63] 
   A                                                               B 
                              
Figure 1.9. Structure of methacrylic acid (A) and 4-vinylpyridine (B) functional monomers. 
  
Next to the template and functional monomers, crosslinker molecules perform highly 
important functions in the MIP production process. The type and amount of crosslinker will 
influence the final morphology of the MIP structure and the polydispersity of the particles. 
Additionally, crosslinkers stabilize the binding sites and provide mechanical stability of the final 
3D polymer structure. As a result, the amount of crosslinker needs to be sufficient to guarantee 
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the MIP stability after removal of the template. Therefore, crosslinkers are generally present in 
excess to the functional monomers. In most cases, different crosslinkers or a combination thereof 
are tested to select the optimal composition of the MIP. Ethylene glycol dimethacrylate 
(EGDMA), trimethylolpropane trimethacrylate (TRIM) and/or divinylbenzene (DVB) are most 
commonly used as crosslinkers (Figure 1.10). [63, 81] 
            A                                                                     B                                                          C 
                             
Figure 1.10. Structure of ethylene glycol dimethacrylate (A), trimethylolpropane trimethacrylate (B) and 
divinylbenzene (C) crosslinker molecules. 
 
In the polymerization process, initiator molecules are responsible to initiate the polymerization 
reaction. Depending on the selected polymerization conditions the appropriate initiator is 
chosen. In general, initiators can be thermally (eg. 60°C) or photochemically (eg. UV) activated. 
2,2’-Azobis(2-methylpropionitrile) (AIBN) is a molecule which can be used both as a thermal and 
photo-initiator (Figure 1.11). In general, 2 mol% AIBN is added stoichiometrically in relation to 
the amount of reactive bonds of the functional monomer and crosslinker molecules. Molecules 
from the Irgacure® family are also known photo-initiators which can be applied as well. [63, 78] 
 
 
Figure 1.11. Structure of the 2,2’-Azobis(2-methylpropionitrile) initiator. 
 
Porogens or solvents are the final important components for molecular imprinting since they 
bring all the above described reagents in the desired phase for the polymerization reaction. The 
porogen is the solvent which determines the porosity of the final polymer and thus the pore size. 
Next to the porogen, another solvent can be present to assist the polymerization. Therefore, the 
porogen and the solvent are not necessarily the same. The choice and composition of the 
porogen and solvent fraction is highly dependent on the polymerization technique which is used 
(see § 5.2.5.). Acetonitrile (ACN) and chloroform are commonly used as organic phases. [63, 78] 
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The experimental selection and optimization of the parameters which result in MIP particles 
with the desired characteristics can initially be time consuming since various aspects need to 
be tested such as the template/functional monomer/crosslinker ratios, the amount and type 
of solvent and the amount and type of initiator. In this respect, molecular modeling studies 
became increasingly important for in-depth investigation of the intermolecular interactions 
between template, functional monomer, crosslinker and porogen molecules in the pre-
polymerization solution [82]. In order to select the most suitable functional monomer for a 
given template, computational design and modeling can be used in which appropriate 
monomers are for example selected from a virtual library [83]. More specifically, the strength 
of the interactions between template and functional monomer can be correlated with an 
estimation of interaction energies [84]. One can state that stronger interactions between 
template and functional monomer molecules will result in MIP with higher affinity. Several 
studies describe the use of molecular modeling for the selection of functional monomers [82-
86]. Additionally, computer simulations are also used for retrospective analysis to study the 
mode of interaction between template and functional monomer molecules [84]. Performing 
this type of research can result in a more thorough understanding of the fundamental 
molecular mechanisms involved in the molecular imprinting process [82]. Since the binding 
specificity of MIP is dependent on the functional groups provided by the functional 
monomers, computational design is obviously useful for the selection of the most promising 
template-functional monomer complex. Importantly, other components such as the 
crosslinker molecules also need to be included to obtain a model which resembles the final 
MIP particles as closely as possible. Finally, the polymerization time and/or temperature, the 
mechanism of imprinting (see § 5.2.4.) and the polymerization technique (see § 5.2.5.) can be 
adapted as well to obtain MIP particles with certain properties.  
 
5.2.3.  Principle of free radical polymerization 
In general, MIP particles are produced by polymerization based on the presence of free 
radicals. During this process, the vinyl compounds will react and polymerize. Free radical 
polymerizations consist of three subsequent steps: (i) initiation, (ii) propagation and (iii) 
termination. During initiation the mechanism is started by homolysis of the initiator molecules 
under heating, UV radiation or a redox reaction, dependent on the type of initiator. In general, 
radicals will occur by chemical bond dissociations or redox reactions. Subsequently, these 
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radicals will interact with vinyl groups present in the monomer molecules which results in new 
reactive centra. Figure 1.12 shows the initiation reaction in case AIBN is used as initiator. [63, 
78, 87, 88]  
 
Figure 1.12. Reaction mechanism of the initiation step in a free radical polymerization by using  
2,2’-Azobis(2-methylpropionitrile) as initiator. 
 
The second part of the free radical polymerization is the propagation step which is the actual 
process in which the polymer chains are growing. The reactive monomers resulting from the 
initiation step can react themselves with new monomer molecules. Consequently, the 
polymer chain will keep growing by repeating this process (Figure 1.13). The polymerization 
speed is positively correlated with the concentrations of the monomers. [88]  
 
 
Figure 1.13. Reaction mechanism of the propagation step in a free radical polymerization. 
 
Termination is the final step of the free radical polymerization in which the polymer chain 
stops growing due to recombination or disproportionation (Figure 1.14). In case 
recombination occurs, two radicals of different molecules such as activated monomers or 
initiators react with each other to form a covalent bond. In a general radical 
disproportionation reaction, the radical of a certain molecule will abstract a hydrogen atom 
from another reactive molecule. This elimination reaction results in the formation of a double 
bond in the hydrogen donor molecule. In both recombination or disproportionation reactions, 
the amount of reactive molecules decreases and further growth of the polymer chain is 
inhibited. [88] 
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Figure 1.14. Reaction mechanism of possible termination steps in a free radical polymerization.  
(a and b) recombination and (c) disproportionation. 
 
Importantly, since oxygen inhibits the free radical polymerization reaction, each pre-
polymerization mixture is purged with nitrogen [63]. 
 
5.2.4.  Imprinting mechanisms 
Three different imprinting mechanisms can be applied and are related to the type of interaction 
which is established between (i) the template and functional monomer molecules during the 
production, and (ii) the target analyte and MIP binding sites during analysis. In the covalent 
approach, both the above described interactions are established through covalent bonds. This 
mechanism results in a high stability of the template and functional monomer interactions and 
consequently in a homogenous group of binding sites. However, since it is difficult to disrupt the 
covalent bonds by means of chemical reactions and remove the template and target molecules 
from the MIP, this approach is not often used. Additionally, rebinding of the target molecule to 
the final MIP is a rather slow process. As a result, the covalent approach is mostly not used for 
the synthesis of MIP which are applied in molecularly imprinted solid phase extraction (MISPE) 
applications since both extraction and elution of the target molecules to the MISPE columns 
is slow. [63, 89-91]  
 
The semi-covalent approach is based on a covalent bond between the template and the 
functional monomer, whereas the interactions between the target analyte and the MIP are non-
covalent. In this way, stable binding sites are formed due to the covalent bonds and MIP can 
more easily be reused compared to the covalent approach as a result of the more rapid target 
rebinding and removal by the non-covalent interactions. [63, 89, 91] 
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The third imprinting mechanism consists of the non-covalent approach in which the template-
functional monomer and target-MIP interactions occur in a non-covalent manner. More 
specifically, non-covalent imprinting can be based on various weak interactions such as Van Der 
Waals, ionic and hydrophobic interactions and hydrogen bonds. This approach is most widely 
used because both template and target molecules can be more easily removed and the template 
can rebind faster to the MIP compared to the other mechanisms. Additionally, a wide range of 
templates and functional monomers can be applied in this approach which results in a high 
flexibility. In general, production of MIP for MISPE applications is performed by the non-
covalent imprinting mechanism. As a disadvantage, MIP produced by the non-covalent 
mechanism suffer from higher non-specific binding sites which should be minimized as much 
as possible. [63, 89, 90] 
 
5.2.5.  Polymerization techniques 
For the production of MIP particles several polymerization techniques can be applied including 
bulk, precipitation, suspension and emulsion polymerization. In this regard, bulk 
polymerization is the traditional approach which has been applied most frequently in the past 
since this technique is easy to perform and control [63, 78, 89, 91, 92]. All reagents needed 
for polymerization are brought together in a small amount of the porogen [63, 89]. Since no 
additional solvents or supporting molecules such as surfactants are used, the clean-up of the 
resulting MIP is straightforward [78, 91]. After polymerization, the MIP requires grinding and 
sieving prior to use resulting in irregular size and shape of particles [78, 91, 92]. Consequently, 
no spherical particles can be produced and binding sites might be destroyed during post-
polymerization MIP processing [93]. Additionally, bulk polymerization is characterized by low 
yields [78, 91]. In general, one can state that the size of MIP resulting from bulk polymerization 
is limited to the sieves which are used. 
 
In MIP applications spherical particles are often of high interest which indicates the need for 
other polymerization techniques. If spherical particles are targeted, techniques such as 
precipitation, suspension or emulsion polymerization, resulting in particles of diverse sizes, 
should be applied. The first example is precipitation polymerization which is often applied to 
obtain spherical particles of uniform nano- or micrometer size [91]. This polymerization 
technique is based on growing polymer chains which precipitate during the reaction when a 
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certain polymer chain length and critical mass is reached [63, 91]. Comparable to bulk 
polymerization, all components are added to the porogen though larger amounts of solvents 
are used. The increased consumption of porogens is unfavorable but cannot compete with the 
many advantages of this technique such as easy to perform, the absence of stabilizing 
molecules and no requirement for grinding and sieving which results in a higher yield [63, 91]. 
Furthermore, MIP obtained by precipitation polymerization have an increased rebinding 
capacity and more homogeneous distribution of binding sites than those obtained by bulk 
polymerization [63]. Precipitation polymerization provides the opportunity to produce small 
particles with diameters of some micrometers and in the nanometer range [81, 94, 95].  
 
Another technique to obtain spherical particles is suspension polymerization in which two 
phases can be distinguished: (i) an aqueous phase and (ii) an organic phase. The monomers 
and initiator molecules are only soluble in the organic phase. Consequently, these molecules 
will react with each other in monomer droplets formed under continuous fast stirring. In 
addition, surfactant molecules are added to stabilize these droplets as mini-reactors and to 
prevent coagulation of the suspended monomer particles. Figure 1.15 depicts the principle of 
suspension polymerization. In general, in each organic droplet a small bulk polymerization 
takes place [63]. Since many different components participate in this technique, optimization 
is more complex and surfactant molecules need to be removed post-polymerization. 
Suspension polymerization typically results in monomer droplets with a diameter of 50-500 
µm [96]. 
 
 
Figure 1.15. General principle of the suspension polymerization technique for the production of  
molecularly imprinted polymers in which the initiator, functional monomer and crosslinker molecules are 
only soluble in the organic phase. 
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As a final example to produce spherical particles, emulsion polymerization consists of an 
aqueous and an organic phase as well. The monomers are only soluble in the organic phase 
whereas the initiator molecules are soluble in the aqueous phase. This polymerization 
technique takes place under continuous soft stirring and the presence of an emulgator which 
results in organic monomer droplets diffused in the aqueous phase. Additionally, the 
emulgator functions as a surface active reagent which will form micelles in the aqueous phase 
once the critical micelle concentration is reached [97]. Consequently, the emulgator stabilizes 
monomer droplets and micelles. Monomer molecules migrate from the monomer droplets 
towards the aqueous phase to be initiated. Next, this initiated monomer will return to the 
organic phase by moving towards the smaller micelles which are often called latex particles. 
In this micelle, the monomer will take part in the polymerization by prolonging the growing 
polymer chain. The principle of emulsion polymerization is shown in Figure 1.16. Mostly only 
one polymer chain is formed in each micelle which allows to produce smaller particles. The 
emulgator concentration and the speed of stirring which determine the size of the monomer 
droplets and micelles are two important parameters in this technique which require 
optimization. [97, 98]. Similar to suspension polymerization, optimization is more time-
consuming and emulgator molecules need to be removed after polymerization. When 
performing emulsion polymerization, the monomer droplet sizes are smaller (1-100 µm 
diameter) compared to suspension polymerization [96]. 
 
 
Figure 1.16. General principle of the emulsion polymerization technique for the production of  
molecularly imprinted polymers in which the initiator molecules are solution in the aqueous phase, whereas 
the functional monomer and crosslinker molecules are only soluble in the organic phase. 
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5.2.6.  MIP applications 
MIP recognition elements are frequently used in various types of applications in different 
industries such as chemistry, pharmacy, biology and food/feed industry. These applications 
are very broad ranging from stationary phases in SPE and chromatography to sensors [89]. For 
example, next to antibodies in immunoaffinity columns (IAC), MIP particles are commonly 
used to perform SPE for sample pretreatment and extraction of target molecules prior to high 
performance liquid chromatography (HPLC) or liquid chromatography tandem mass 
spectrometry (LC-MS/MS) analysis, also known as MISPE [99-101]. Therefore, spherical MIP 
particles are necessary to obtain an optimal contact surface with the target molecules. Next 
to their application in SPE, MIP particles are increasingly used in various sensor formats such 
as surface plasmon resonance (SPR) [86, 102, 103] and quartz crystal microbalance (QCM) 
sensors [104]. Additionally, the molecular imprinting technology can also result in the 
production of molecularly imprinted membranes and films, usually by electropolymerization 
on the sensor surface itself. Consequently, these molecularly imprinted membranes and films 
are applied to develop sensors for detection of various types of molecules such as QCM 
sensors for citrinin and melphalan [105, 106] and novel electrochemical sensors for 
glutathione species, artemisinin, moxifloxacin and furosemide [107-110]. Furthermore, the 
number of MIP applications is still increasing. For example, research is conducted regarding 
the use of MIP in sorbent assays such as enzyme-linked immunosorbent assay (ELISA) formats 
[111, 112]. Furthermore, the use of MIP in several filter applications is also described. In this 
respect, MIP particles can be used in an additional filter layer as additives to adsorb the 
harmful nitrosamines in cigarette smoke [113]. Additionally, their use as adsorbents in filters 
for odorants was also investigated [114]. Due to their robustness and solubility in diverse 
reaction conditions, MIP can also be applied to mimic enzymes with certain catalytic functions 
since natural catalysts often encounter problems in certain experimental designs [78]. For this 
purpose, MIP can be produced by using a substrate or transition state analogue as template 
resulting in MIP which mimic the stereospecificity of a catalyst [78]. Additionally, studies are 
available concerning the characterization of MIP which are applied in vivo into the 
bloodstream to bind biological targets [115]. Subsequently, MIP are characterized based on 
their in vitro and in vivo biocompatibility and toxicity [115]. Furthermore, template molecules 
and MIP can be labeled with for example fluorescent dies and subsequent imaging can be 
performed by confocal microscopy [115]. Other applications describe the use of MIP for drug 
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delivery to targeted organs and to obtain a specific blood concentration [78]. In this way, drugs 
can be delivered at a targeted place, in a specific time and with the desired posology [78]. The 
pores of MIP applied as drug delivery systems need to be somewhat more flexible to have a 
smooth uptake and release of the pharmacological substances [78]. To date, these in vivo 
applications remain mostly for research purposes only since no sufficient data exist regarding 
the MIP toxicity when coming in contact with organs and tissues [78]. For example, the 
molecular imprinting technique is promising for the development of ocular drug delivery 
systems by using molecularly imprinted contact lenses [116, 117]. As a final example, MIP are 
applied to tackle the release of personal care products such as cosmetics into the environment 
since these components can negatively influence wildlife and human health when occurring 
in waste water [118]. Consequently, the use of MIP in waste water treatment seems promising 
for various applications. All the above described MIP applications clearly indicate the 
importance of these recognition elements in various research fields. Furthermore, the amount 
of research fields in which MIP are applied is still increasing.  
 
5.3.  Overview of techniques for characterization of MIP particles 
5.3.1. Introduction  
In order to characterize MIP particles, several research articles and reviews provide a wide 
range of available techniques [119, 120]. However, none of them offers a comprehensive 
overview. This section aims at giving a broad overview of possible MIP characterization 
techniques starting with the most widely used and often described techniques such as 
scanning electron microscopy (SEM) and LC-MS/MS analysis. Furthermore, more recently 
used and new characterization methods will also be illustrated. The above mentioned 
techniques are sufficient in case MIP particles are packed in columns since polymer particles 
are widely used as SPE sample preparation tool and HPLC stationary phases. At the early stages 
of MIP production, particles were characterized by means of HPLC [92]. However, since the 
early nineties the use of MIP in sensor applications has been explored next to the traditional 
SPE format [121]. This trend from MIP particles as column packaging materials towards 
sensors can be illustrated by mycotoxin analysis. In general, MISPE is often used prior to 
mycotoxin LC-MS/MS analysis [23, 27]. More recently, real time analysis of mycotoxins by 
means of sensor applications has also been realized [122]. As a result of the trend towards 
sensors, techniques such as atomic force microscopy (AFM) came into the picture to evaluate 
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the immobilization of particles onto surfaces. In this respect, characterization of MIP 
structures on 2D surfaces will be covered in § 5.4. Several of the hereafter described 
characterization techniques will be illustrated further on by describing experiments in which 
the MIP produced against ergot alkaloid mycotoxins are applied (see Chapter 3 and 4).  
 
5.3.2.  Morphological characterization  
In order to obtain particles that can be used in columns or on surfaces and taking in mind 
potential back pressure problems during SPE applications [63], it is important to know the size 
range of MIP particles. Techniques such as electron microscopy (EM) and particle size 
analyzers are able to provide information about particle geometry and size. These data are 
highly important since particle size is among other correlated with the ability to rebind target 
molecules. Smaller particles are characterized by a higher surface-to-volume ratio and 
different polymerization techniques lead to different particle sizes. Consequently, 
investigation of the particle size can be useful to verify if the technique which was used, 
resulted in the anticipated final characteristics of the particles. Next to size, the shape of the 
particles is of value as well, considering an appropriate packing in columns. When spherical 
particles are used, a more efficient column packing can be anticipated. Within the group of 
morphological techniques, surface area and pore size determination are frequently performed 
as well since these characteristics are important regarding sufficient target binding.  
 
5.3.2.1.  Electron microscopy 
Electron microscopy (EM) and more specifically scanning electron microscopy (SEM) as well 
as transmission electron microscopy (TEM) are generally performed for MIP particle 
visualization. SEM is based on focusing an electron beam on the particles and scanning the 
whole surface (Figure 1.17A). Subsequently, specific secondary electrons are ejected from the 
material and finally detected to construct an image [123]. In this way geometry as well as size 
information of the MIP particles can be obtained. Several research articles report the use of 
SEM to investigate MIP particles and an example is shown in Figure 1.17B [27, 81, 99, 124-
127]. Within these results, SEM is applied to visualize particles of different size ranges and 
various geometrical MIP structures. Next to determination of the size and structure, some 
studies show that SEM analysis can be implemented for distinguishing between imprinted and 
non-imprinted polymers [99, 125]. Additionally, the difference between MIP with or without 
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template molecules present is also described as a SEM application [99]. Furthermore, SEM 
analysis is a relevant technique to study different MIP structures in order to compare them 
visually [126]. As a final example, Zhou et al. used this technique to investigate MIP surface 
morphology in more detail after silica nanoparticle removal [127]. Prior to SEM analysis, MIP 
particles are typically gold sputtered for contrast optimization and image generation. 
 
                          A                                                                                                 B 
                      
Figure 1.17. A: Principle of scanning electron microscopy (SEM) imaging in which secondary electrons, 
ejected from the substrate through interaction with an electron beam, are detected. B: Example of SEM 
image for MIP (Data from reference [27]). 
 
 
In addition to SEM measurements, TEM can also be performed for MIP visualization purposes. 
As SEM, TEM is based on an electron beam interacting with the sample (Figure 1.18A). Instead 
of the electrons ejected from the substrate as with SEM, TEM measures the transmitted 
electrons. TEM is often used in MIP particle research to investigate geometry and size and an 
example is depicted in Figure 1.18B [128-130]. Comparable to SEM, visualization by TEM is 
also performed to study differences between imprinted polymers and control non-imprinted 
formulations [129]. In most cases, SEM and TEM analysis of MIP particles is mainly performed 
for screening purposes and the selected technique applied is governed by device availability.    
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Figure 1.18. A: Principle of transmission electron microscopy (TEM) in which the transmitted electrons are 
detected after focusing an electron beam onto a substrate. B: Example of TEM image for MIP (Data from 
reference [130]). 
 
5.3.2.2.  Particle size analyzers 
In addition to visual size characterization of particles, numerical particle size analysis is 
frequently covered as part of the MIP investigation. Sizing techniques usually assume particles 
to be spherical. Two types of analyzers will be highlighted: (i) laser diffraction and (ii) dynamic 
light scattering (DLS). Both techniques result in particle size distribution data. Laser diffraction 
analysis of MIP particles provides information concerning volume size distribution data and 
the particle size is reported as a volume-equivalent sphere diameter. This analysis is based on 
the scattering of a laser beam by particles which are dissolved or suspended in a dispersion 
medium; most frequently water (Figure 1.19). The smaller the particles, the wider the angle 
of the scattered light. Based on these scattering angles, the software calculates a volume size 
distribution as illustrated in Figure 1.20 for MIP against oleanolic acid which revealed an 
average size in the micrometer range (< 23µm) [131]. Additionally, several other parameters 
result as output of laser diffraction analysis such as the median (D(v,0.5)), the mean volume 
(D(4,3)), the mean surface area (D(3,2)) and the uniformity of the distribution. The most 
important indication for a narrow size distribution is a small difference between the mean 
volume and the median. The use of laser diffraction for size determination of MIP particles is 
used in some research papers but is less prominent compared to SEM/TEM analysis [27, 131, 
132].  
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Figure 1.19. Principle of laser diffraction analysis. Small particles scatter light in a broader angle range 
compared to larger particles. 
 
 
Figure 1.20. Laser diffraction particle size distribution of MIP against oleanolic acid. Data from reference 
[131]. 
 
A second example of a size analyzer for particles which has been used in MIP characterization 
is DLS [129, 130, 133-137]. This technique is based on measuring the intensity of scattered 
laser light. Hereto, particles are suspended into a solvent, which is subsequently irradiated 
using laser light. Within DLS, the attenuator value is an important parameter that indicates 
the amount of laser light which was scattered when passing through the sample. For example, 
a high value is correlated with a low amount of scattered light and thus a low amount of 
particles present in suspension. An acceptable attenuation value between 3-10 is required to 
obtain optimal measurements since the DLS equipment detects fluctuations in the measured 
intensity of the scattered light. Subsequently, autocorrelation analysis calculates how fast 
these fluctuations increase and decrease. As an example, bigger particles move slower which 
results in slower fluctuations. Next, the experimentally calculated autocorrelation curve is 
fitted to a theoretical model which provides the diffusion time/coefficient. Finally, the particle 
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size can be calculated based on the Stokes-Einstein equation for diffusion of spherical particles 
through a solvent. As a result, size distribution data are obtained as exemplified in Table 1.1 
and Figure 1.21A. Additionally, each measurement is subjected to a quality control (Figure 
1.21B) and a report is created from which the reliability of the results can be interpreted. 
Various studies show the suitable use of DLS to identify differences between MIP and NIP 
particles [135, 137]. Furthermore, this technique is often applied to study different MIP 
compositions [133, 136]. Kempe et al. performed DLS analysis to control the particle size in 
function of the polymerization reaction time [129]. Finally, DLS is also described as a technique 
to study the molecular imprinting process itself combined with nuclear magnetic resonance 
spectroscopy (NMR) analysis (see § 5.3.3.1.) [138, 139]. 
 
Table 1.1. Example of DLS results for one MIP sample developed against ergot alkaloids. Three separate 
measurements were performed. 
Measurement 
Z-average 
(d.nm) 
PdI 
Pk 1 Mean Int 
(d.nm) 
Scattering 
Angle° 
Attenuator 
1 267.6 1.000 180.3 173 9 
2 317.9 0.321 309.2 173 9 
3 363.0 0.086 408.1 173 9 
Mean of sample (nm) 316.2     
Stdev of sample (nm) 39.0     
 
     A                                                                                 B                                    
 
Figure 1.21. Example of DLS data of MIP for the detection of ergot alkaloids. A: The size distribution for a 
given measurement. B: Raw correlation data applied for quality interpretation of the measurement. 
 
Compared to the higher described EM techniques, the particle size analyzers provide size or 
volume distributions in which case the software calculates the final values. On the contrary, 
EM gives a visual interpretation of the particle size and results in more information about 
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single particles and whether or not particle aggregation phenomena occur. Consequently, 
aggregates of several smaller particles can be interpreted as big particles in laser diffraction 
and DLS whereas this is not the case in EM. Additionally, when bigger particles are present in 
front of smaller ones, these smaller particles will not be detected by the particle size analyzers. 
A positive aspect of these analyzers is the ease of sample preparation since measurements 
can be performed in solvents. Therefore, there is no need to dry samples and particles can be 
observed as prepared. For EM, the sample preparation takes longer and contains several 
drying and application steps on the sample holder prior to analysis. The risk of introducing 
artifacts thus clearly exists. On the other hand, the complementary characteristics of particle 
size analyzers and EM lead to combined use of those techniques to obtain a full image of the 
size and geometrical characteristics of MIP particles [27, 131-137]. 
 
5.3.2.3. Surface area and pore size determination 
Porosity refers to the pores in a certain material and particle porosity is defined as the ratio 
of the volume of open pores to the total volume of the particle [137]. In this respect, surface 
characterization of MIP particles is of high importance to investigate the surface area and the 
size/volume characteristics of the pores since these parameters obviously affect the 
(re)binding of target analytes. Several techniques exist to measure these factors such as 
nitrogen gas adsorption and mercury intrusion porosimetry. Nitrogen adsorption isotherm 
determination is used to obtain information about the total pore volume, the surface area and 
the pore size distribution of particles [140]. With these low temperature nitrogen adsorption 
measurements, the adsorption of the gas onto the surface and the pressures applied are 
related to the size and volume properties of the respective pores [141]. Additionally, the 
specific surface area is typically calculated based on the Brunauer, Emmett and Teller (BET) 
method in which a uniform coverage of the pore walls is assumed [141]. Various MIP research 
articles describe the use of nitrogen sorption porosimetry and subsequent software analysis 
of the adsorption isotherm by using the BET method to calculate particle surfaces areas (m2/g), 
pore volume (cm3/g) and (average) pore diameter of polymer particles [124, 126, 128, 129, 
132, 137, 142-145]. Table 1.2 shows an example of surface area, pore volume and average 
pore diameter values obtained by Song et al. [144]. These results, together with the data from 
Pereira et al., show that MIP particles clearly present a higher surface area compared to NIP 
[143, 144]. Additionally, another study revealed larger pores of MIP which indicates that the 
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NIP structure is more compact [145]. Most likely, the MIP surface area and porosity are 
affected by the presence of template molecules in the polymerization of MIP [142, 145].    
 
Table 1.2. Nitrogen sorption analysis for the determination of the pore structure and surface area of core 
polymer microspheres, MIP and NIP microspheres. Data from reference [144]. 
Sorbents S (m2g-1) Vp (cm3 g-1) Dp (nm) 
Core polymer 
microspheres 
14.92 - - 
MIPs 195.63 1.1214 27.78 
NIPs 146.82 0.8766 15.83 
 
Next to nitrogen adsorption, mercury intrusion porosimetry is also used to evaluate the above 
described parameters [141]. A sample is placed in a chamber, mercury is added and pressure 
is raised to intrude mercury in the pores [146]. This technique correlates the pressure steps 
and corresponding volumes intruded to calculate pore size [146]. Finally, also the 
complementary use of nitrogen adsorption for surface analysis and mercury intrusion 
porosimetry for pore size analysis is described [132]. Importantly, in both of the above 
described techniques, the pores of the sample have to be accessible by the adsorptive [137]. 
 
5.3.3.  Chemical characterization 
In addition to the morphological characterization techniques which focus mainly on MIP 
geometry and dimension, other methods exist to study the chemical structure of MIP. These 
techniques, represented by nuclear magnetic resonance spectroscopy (NMR) and infrared (IR) 
spectroscopy will be further discussed.  
 
5.3.3.1.  Nuclear magnetic resonance spectroscopy 
NMR characterization is based on the magnetic properties of certain atom nuclei which are 
NMR-active such as 1H and 13C. Atoms are subjected to a magnetic field which results in NMR 
spectra that provide information such as the chemical structure and the chemical 
environment in which a certain atom or molecule is located. Regarding NMR analysis, both 
solid state and the solution format have been performed for MIP investigation [139, 147]. 
NMR spectroscopy analysis has been described several times as method to investigate the 
mechanism of the molecular imprinting process and to characterize the binding interactions 
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between monomer and template molecules [138, 139, 147-149]. For example, pre-
polymerization studies were conducted to establish the optimal synthesis procedure of MIP 
for indole-3-carbinol [149]. Furthermore, it has been used in competitive binding experiments 
[147]. Occasionally, NMR is also used to illustrate the successful removal of the template 
molecule [133]. Vaihinger et al. confirmed the successful removal of D- and L-boc-
phenylalaninie anilid by 1H NMR spectroscopy (Figure 1.22) [133].  
 
Figure 1.22. Chemical structure of D- and L-boc-phenylalaninie anilid (BFA), the stereocenter present is 
indicated with an , and 1H NMR spectra of BFA (a), before elution (b) and after elution (c) of BFA.  
Data from reference [133]. 
 
5.3.3.2.  Infrared spectroscopy 
IR analysis can be applied to provide information concerning the functional groups which are 
present in a certain molecule. As molecules and their covalent bonds between atoms are 
prone to vibrations (stretching, bending,…), incident IR radiation leads to excitation of mainly 
vibrational modes. In case adsorption occurs, a lower intensity of IR reaches the detector 
which results in a peak at that specific wavelength or wavelength range. Notably, different 
bond types demonstrate different adsorption characteristics. Adsorptions in IR spectra 
become visible by scanning a range of IR wavelengths. Consequently, information about the 
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presence of functional groups becomes available since different functional groups result in 
different adsorption bands. (Fourier Transform)-IR spectroscopy has demonstrated that NIP 
and MIP have similar characteristic bonds indicating that template molecules were not 
incorporated in the MIP polymer [142, 143, 150]. Furthermore, Liu et al. reported that IR 
spectra can reveal the successful removal of template molecules from MIP (Figure 1.23) [150]. 
Similarly, this technique has been applied to study successful and selective template binding 
mechanisms after extraction [151].     
 
Figure 1.23. IR spectra of metronidazole (template) (a), MIP before (b) and after metronidazole elution (c) 
and NIP (d). Data from reference [150]. 
 
5.3.4.  Thermal characterization  
Next to the above described chemical characterization techniques, additional methods exist 
to study the thermal characteristics of MIP particles. Thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC) are classified within these characterization methods.  
 
5.3.4.1.  Thermogravimetric analysis 
TGA is an analytical technique which records weight loss of a material as a function of 
temperature. Different material classes (polymers, ceramics, …) can be investigated using this 
technique. As such, the degradation profile of a material is obtained. The temperature stability 
window obtained, provides information on the temperature range in which the developed 
MIP can be applied. Furthermore, TGA also enables the detection of the presence of solvent 
residues and/or unreacted monomers and/or cross-linkers. This information can reveal the 
need for protocol optimization. Previously, TGA analysis was performed to thermally 
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investigate MIP particles [152-158]. A large part of research articles describes the use of TGA 
especially for studying thermal stability and comparing MIP and NIP [153-157]. Some articles 
mention that the degradation characteristics of MIP and NIP particles are similar [154, 156]. 
As an example, Syu et al. stated that the TGA patterns of bilirubin-imprinted MIP and NIP were 
similar (Figure 1.24) [156]. However, other research has indicated that TGA can be a tool to 
proof molecular imprinting phenomena since imprinting was anticipated to increase thermal 
stability [153].  
              A                                                                                            B                                        
 
Figure 1.24. TGA analysis of poly(MAA-co-EGDMA) NIP (A) and MIP (B) particles for bilirubin.  
Data from reference [156]. 
 
In addition to measuring the presence of solvent residues, TGA analysis has also been applied 
for template presence confirmation purposes in MIP [155, 157, 158]. Similar to what is 
mentioned for distinction between MIP and NIP, no consensus can be found in literature. On 
the one hand, groups claim leached and unleached particles to result in similar TGA patterns 
[158]. On the other hand, data reveal differences between MIP with and without template 
molecules [155]. Finally, TGA has also been used to study the amount of grafted MIP onto 
silica in which silica was used as a support for thin MIP layers [152]. The grafting yield was 
calculated based on TGA analysis at different reaction times resulting in different onset 
temperatures of mass loss [152]. In conclusion, TGA analysis holds strong potential to be 
applied in MIP research although the outcome is study-dependent. The reasons for the 
observed differences are yet unclear and require further exploration and study.   
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5.3.4.2.  Differential scanning calorimetry 
A material analyzed by DSC is heated and cooled in several consecutive cycles in order to 
assign the melt, crystallization or the glass transition temperature. In this way, information 
about crystallinity of the polymer can be obtained which can be of interest when 
immobilization of particles is needed in for example sensor applications (see Chapter 4). 
Characterization of MIP particles by DSC has been previously described [152-155, 159]. 
Comparable to TGA, DSC analysis is mostly used to obtain thermal information of the MIP 
[153-155, 159]. Some studies showed that the DSC patterns for MIP and NIP are similar [154, 
159]. On the contrary, other studies observed differences between MIP and NIP which enables 
DSC to be used for confirmation of successful molecular imprinting [153]. In some cases, a 
difference was noted between MIP with and without template [159]. Esfandyari-Manesh et 
al. investigated the DSC patterns of NIP and MIP with or without template molecules [159]. 
All polymers tend to be stable up to 250°C and NIP and leached MIP maintain a similar pattern 
(Figure 1.25) [159]. Figure 1.25 also illustrates a different pattern for unleached MIP, 
potentially as a result of the melting of the unleached carbamazepine template [159].  
 
 
Figure 1.25. DSC pattern of unleached MIP (a), leached MIP (b) and NIP. Data from reference [159]. 
 
As a last example, DSC was also used in combination with TGA to determine the amount of 
grafted polymer on silica [152]. As with TGA (see § 5.3.4.1.), DSC was applied to calculate the 
grafting yield and consequently characterize the grafted polymer layers onto silica supports. 
More specifically, DSC analysis provided the ability to study the area density after coupling to 
the silica [152].  
 
CHAPTER 1 – MYCOTOXINS IN THE FOOD AND FEED CHAIN – ANALYSIS AND RECOGNITION ELEMENTS 
43 
  
5.3.5.  Functional characterization – LC-MS/MS analysis 
5.3.5.1. Equilibrium experiments  
Functional characterization through investigation of efficient and selective binding of target 
molecules by MIP particles is commonly achieved by performing LC analysis. Subsequently, 
this separation method is coupled to different detectors such as UV, fluorescence, MS and 
MS/MS. To study MIP selectivity and rebinding properties, a comparison is made between MIP 
and NIP particles in terms of (i) equilibrium experiments (batch-rebinding) and (ii) recovery 
studies. Equilibrium studies are often performed in the porogen or a specific solvent/buffer 
mixture. Hereto, a concentration range of the respective template is added to MIP and NIP 
particles and compared with polymer-free conditions. The latter is to determine the initial 
response of the spike solution. Next, the free template concentration in the supernatant is 
measured by an LC detection method and the bound concentration is calculated as follows: B 
= [initial spike] – [free template]. Plotting the free concentration (µmol/ml) in function of the 
bound concentration (nmol/mg) results in the corresponding binding isotherms. 
Subsequently, these isotherms can be transformed by use of the scatchard equation (at 
equilibrium): (B/[F]) = (Bmax – B) / KD, in which B = amount of template bound to the polymer, 
[F] = free template concentration, Bmax = apparent maximum number of binding sites and KD 
= apparent dissociation constant. Finally, dissociation constants can be determined based on 
the scatchard analysis. As an example, investigating MIP by LC-MS/MS analysis and calculating 
binding isotherms and dissociation constants is widely used [23, 27, 92, 126, 127, 129, 131, 
144, 160].  
 
5.3.5.2. Recovery studies 
As previously mentioned, recovery studies are being performed next to equilibrium 
experiments. Remarkably, in most cases the template used is often not the same molecule as 
the intended target analyte to avoid problems with template bleeding. Therefore, recovery 
studies are also needed to investigate the binding characteristics of the MIP particles with the 
intended target molecule. To perform recovery studies, most research groups pack the 
particles in SPE columns (MISPE) [23, 27, 99-101, 126, 160]. Consequently, the traditional SPE 
steps are followed: (i) conditioning, (ii) loading, (iii) washing and (iv) elution. The MIP and NIP 
particles are spiked during loading or after elution of the SPE column with known 
concentrations of target analytes and both spiking conditions are compared. Finally, the 
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recovery (%) is calculated. In conclusion, both equilibrium and recovery experiments provide 
specific functional information of the MIP particles.   
 
Another important aspect worth noting is that rebinding capacities of MIP are related to the 
applied polymerization technique and the solvent (organic or aqueous) in which rebinding is 
tested [95]. When testing MIP produced by precipitation, suspension or bulk polymerization 
in an organic solution, rebinding was 50 % for precipitation, 40% for suspension and 35 % for 
bulk polymerization [95]. On the contrary, rebinding studies in aqueous systems resulted in 
19 % for suspension and bulk, and no rebinding for precipitation polymerization [95]. 
 
5.4  Immobilization and characterization of MIP particles on 2D and 3D structures 
As described above (see § 5.3.1), MIP recognition elements can be used as such in SPE columns 
or they can be immobilized on 2D surfaces to result in for example sensor applications. 
Additionally, these recognition elements can be immobilized on 3D structures to obtain 
functionalized scaffolds as new SPE sorbents. Within this project, immobilization of MIP was 
achieved by means of Pluronic® F127 bismethacrylate (PF127-BMA) hydrogel building blocks 
on poly-ε-caprolactone (PCL) (see Chapter 4 and 5). Therefore, the synthesis and 
characteristics of PCL and PF127-BMA building blocks are described hereafter. An overview 
regarding characterization methods of MIP structures on 2D surfaces is provided as well. 
Finally, the production of 3D PCL scaffolds by the BioplotterTM technology is discussed.  
 
5.4.1. Poly-ε-caprolactone as building material for 2D surfaces and 3D scaffolds 
PCL is a biocompatible and biodegradable polyester which originates from the ring opening 
polymerization of ε-caprolactone (Figure 1.26). This linear semi-crystalline polymer has a 
melting point of approximately 60°C and a glass transition temperature of -60°C. At room 
temperature, PCL is soluble in various solvents such as chloroform and tetrahydrofuran (THF) 
but only limited in aceton and acetonitrile (ACN).  
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Figure 1.26. Ring opening polymerization of Ɛ-caprolactone for the production of poly-Ɛ-caprolactone (PCL). 
 
5.4.2. Pluronic® F127 bismethacrylate hydrogel building blocks 
To immobilize MIP particles on PCL substrates, hydrogel building blocks can be used since they 
are able to result in a permanent immobilization due to their ability to form hydrogel networks 
in which particles can be embedded. Pluronic® F127 (PF127) is a known ABA-block copolymer 
and consists of consecutive blocks of poly-ethylene oxide (A) – poly-propylene oxide (B) – poly-
ethylene oxide (A) which is capable of forming polymer networks at certain temperatures. 
However, these networks are reversible and characterized by a low mechanical strength which 
could have a negative effect on the final MIP application. Therefore, the hydroxyl groups of 
PF127 are used for further modification. More specifically, PF127 bismethacrylate (PF127-
BMA) is produced out of PF127 as earlier described in literature [161]. The reaction scheme is 
depicted in Figure 1.27 and is performed under water-free conditions. PF127 is converted to 
PF127-BMA by a one-step nucleophilic acyl substitution reaction using methacryloylchloride. 
During this reaction, Cl- will act as a leaving group and HCl will be generated and subsequently 
bound by triethylamine (TEA). 4-tert butyl catechol is added to the reaction as well to prevent 
radical formation. Finally, the degree of substitution (DS) of organic reactions is generally 
determined by NMR analysis. In summary, the above described modification reaction 
introduces terminal methacrylate functional groups which are able to be crosslinked by radical 
polymerization. Consequently, these PF127-BMA hydrogel building blocks can be used for 
immobilization of MIP particles on PCL since a higher mechanical strength is obtained 
compared to physical networks [161].  
 
CHAPTER 1 – MYCOTOXINS IN THE FOOD AND FEED CHAIN – ANALYSIS AND RECOGNITION ELEMENTS    
 
46 
 
 
Figure 1.27. Reaction equation for the synthesis of Pluronic® F127 bismethacrylate (PF127-BMA) starting 
from Pluronic® F127 (PF127) hydrogel macro-monomers. 
 
5.4.3. Overview of methods for characterization of MIP structures on 2D surfaces  
5.4.3.1.  Introduction  
MIP particles or other imprinted structures such as imprinted films are often used as 
recognition elements in a wide range of sensor applications such as capacitance-voltage 
measurements [121], light scattering sensors [162], conductimetric sensors [163], laser 
diffraction sensors [164], amperometric sensors [165], piezoelectric quartz sensors [166], 
electrochemical sensors [167], surface plasmon resonance sensors [168] and acoustic wave 
sensors [169]. MIP being used in such a broad range of sensor applications has resulted in the 
need for techniques to characterize immobilized particles and imprinted surfaces. Obviously, 
these sensor surfaces can be visualized with EM for morphological characterization (see § 
5.3.2.1.), but some more specific techniques exist such as atomic force microscopy (AFM), 
depth profiling by 3D optical microscopy, static contact angle (SCA) measurements and X-ray 
photoelectron spectroscopy (XPS) analysis. Since thermal stability of MIP particles can be an 
important aspect when coating them on surfaces for usage in various sensor types, TGA and 
DSC analyses (see § 5.3.4.) are useful in this context as well. Quartz crystal microbalance 
(QCM) analysis and surface plasmon resonance (SPR) are the last characterization techniques 
which will also be described. Importantly, in final MIP sensor applications QCM and SPR are 
used as transducers. However, these techniques can also be applied to investigate and 
characterize recognition elements by studying for example the binding affinity. 
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5.4.3.2. Atomic force microscopy  
The immobilization of MIP particles on a surface or imprinted surfaces such as molecularly 
imprinted membranes and sensor surfaces are often characterized by performing AFM [104, 
148, 168, 170, 171]. The main principle of AFM is depicted in Figure 1.28. AFM images the 
surface by means of a cantilever with a tip which scans the surface. Forces are generated 
towards the sample surface and a laser beam reflects on the cantilever towards a detector. 
When the cantilever tip moves up and down on the surface, the reflected beam deflects and 
this motion is detected. Consequently, a corresponding image of the surface is constructed. 
As to MIP particles, one can expect a higher surface roughness resulting from the coating of 
MIP particles or in case membranes are imprinted. Indeed, the increase of the surface 
roughness after imprinting compared to non-imprinted membranes or films has already been 
observed [148, 168]. The successful pre-modification and presence of an imprinted film on an 
SPR surface was reported by Uzun et al. (Figure 1.29) [168]. To study the successful imprinting 
of films on a QCM chip, AFM is also applied to distinguish between imprinted and non-
imprinted surfaces [104]. Furthermore, several research articles confirm that AFM can be used 
to visualize the successful coating and deposition of MIP particles on surfaces since 
immobilization also results in rougher surfaces [170, 171]. In addition, by using AFM, the 
homogeneity of imprinted membranes or MIP particles on surfaces can be evaluated which is 
of high importance if these materials are used in different applications to detect analytes of 
interest. In order to obtain a full view of a certain surface, AFM can be used in combination 
with scanning electron microscopy (SEM) [148, 170]. 
 
 
Figure 1.28. Atomic force microscopy (AFM) imaging is based on the reflection of a laser beam on the 
cantilever tip resulting in the detection of the deflected beam as a result of movement across a surface. 
CHAPTER 1 – MYCOTOXINS IN THE FOOD AND FEED CHAIN – ANALYSIS AND RECOGNITION ELEMENTS    
 
48 
 
 
Figure 1.29. AFM image of a modified SPR surface and an imprinted film on a SPR chip. (A) Non-modified 
surface, (B) allyl-mercaptane-modified surface and (C) Hepatitis B surface antibody imprinted film on a SPR 
surface. Data from reference [168]. 
 
5.4.3.3. Depth profiling by 3D optical microscopy  
In order to study the roughness and contours of a certain surface, 3D optical microscopy can 
be applied. The general principle of this surface characterization technique is illustrated in 
Figure 1.30. Hereto, incident light directed to a surface is split, after which a certain fraction 
is guided towards the sample and another fraction towards a reference surface (mirror). The 
fraction of the light interfering with the sample will pass through an optical microscope, 
whereas the other fraction will be reflected from the reference mirror. The distance from the 
beam splitter to the sample and the reference mirror should be equal to allow comparison of 
the optical pathways of both light beams when they are recombined towards a digital 
detector. In the combined beam, constructive (lighter) and destructive (darker) interferences 
can be observed in case the length of the pathway differs. The 3D microscope is constructed 
in such a way that the optical path differences are caused by height variations in the sample. 
Consequently, depth differences can be calculated in fractions of a wave based on the known 
wavelength. In general, the surface shape is examined by forming bright and dark line patterns 
of that part of the surface which is in focus. Next, the surface is scanned (vertical scanning 
mode) in such a way that each point of the surface which is studied passes through focus. 
Consequently, a 3D surface map is obtained and the software will calculate several parameters 
such as surface texture, roughness and depth differences. [172, 173] Small nanometer 
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differences can be detected and visualized by different colors as exemplified in Figure 1.31. 
These results were obtained by a Contour GT-I 3D optical microscope (Bruker Corporation, 
Tucson, Arizona, USA) with a vertical resolution of 3 nm. As can be seen from Figure 1.31, 
depth differences are visualized and the average depth difference is calculated.   
 
Figure 1.30. 3D optical microscopy is based on splitting a light beam towards a sample and reference mirror 
after which the beams are recombined and differences in pathways are visualized. 
 
 
 
Figure 1.31. Illustration of depth profiling (10x 2) results of a poly-ε-caprolactone (PCL) surface in which Sa 
represents the average depth difference and Sz the maximal depth difference observed.  
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5.4.3.4.  Static contact angle measurements  
To investigate whether a certain surface immobilization technique was successful, SCA 
measurements can be performed. For this purpose a drop of a certain liquid, for example 
water or an organic solvent, is deposited on a solid surface resulting in a certain liquid 
spreading which is used for contact angle calculation. By positioning a drop of water on a 
surface and subsequently measuring the contact angle, information can be obtained 
concerning the hydrophobicity of this surface. In case of a hydrophilic surface the drop of 
water will spread out more compared to a hydrophobic surface (Figure 1.32). In that way, 
changes in contact angle due to immobilization of MIP particles onto surfaces are monitored. 
The use of SCA analysis is described in for example the surface characterization of 
electropolymerized MIP-films [174]. These MIP films cause a decrease in contact angle 
compared to non-imprinted films, indicating the surface becomes slightly more hydrophilic 
which is essential for rebinding of the theophylline template in aqueous conditions [174]. The 
SCA technique is also used in other studies to investigate the hydrophilic properties of MIP 
designed for aqueous applications [175-177]. For example, Pan et al. confirms through SCA 
that MIP films grafted with poly(N-isopropylacrylamide) brushes exhibit a higher 
hydrophilicity compared to ungrafted films [175]. Recently, MIP particles have been produced 
by reversible addition-fragmentation chain-transfer (RAFT) chemistry and their compatibility 
in aqueous and biological samples has been examined by SCA [176, 177]. As a final example 
of SCA application, this technique is also used to study the surface immobilization of MIP by 
epoxy silane [178].  
 
                                       A                                   B                                        
 
Figure 1.32. Principle of static contact angle measurement on surfaces to study the hydrophilic/hydrophobic 
character as a response to a solvent droplet (in this case water).  
A: Hydrophilic surface. B: Hydrophobic surface. 
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5.4.3.5.  X-ray photoelectron spectroscopy 
XPS is based on X-ray irradiation of a surface with consequently the release of photoelectrons 
(Figure 1.33). The energy of these electrons is correlated with their orbital and atomic origin. 
Hence, XPS spectra provide information concerning the chemical composition of a given 
surface. Depending on their environment, elements can demonstrate a peak shift which 
indicates different groups of elements (i.e. functional groups) are present. The use of XPS in 
MIP-on-surface characterization has been described for investigating the imprinting of 
template molecules, confirming the successful removal thereof and studying the rebinding of 
the target molecule [166, 179, 180]. For example, the successful removal of caffeine and 
adenine templates can be proven by the disappearance of nitrogen atoms in XPS spectra [166, 
179]. Furthermore, it is also used to characterize surface molecularly imprinted core-shell 
beads [181]. Kamra et al. confirmed the use of XPS to study MIP immobilization by epoxy silane 
[178]. However, the use of XPS for these purposes is highly dependent on the exact 
experimental parameters such as the type of monomers which are used, the immobilization 
strategy and the composition of the surface itself. Additionally, the chemical composition of 
the template molecule used for MIP production will determine the usefulness of XPS to 
investigate template removal.    
 
 
Figure 1.33. Principle of X-ray photoelectron spectroscopy. Photoelectrons which are emitted due to X-ray 
irradiation of the surface are detected. 
 
5.4.3.6. Quartz crystal microbalance analysis 
The QCM technique makes use of the piezoelectric effect of crystals. A QCM sensor is built up 
by a quartz plate surrounded by two electrodes onto which a certain voltage is applied, 
resulting in oscillation within the quartz material. Binding of the target compound to 
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recognition elements which are immobilized onto the sensor, results into a mass change and 
induces shifts in oscillation frequency [182]. Consequently, this change can be detected to 
study the selective binding of the analyte [183, 184]. Figure 1.34 depicts the principle of a MIP 
based QCM sensor detection system. Several recognition elements can be applied in this type 
of sensor such as antibodies, aptamers and also MIP. The use of MIP as sorbents into QCM 
sensors has numerous examples and is used in a wide range of applications [104, 171, 185-
190]. Several examples of these applications are found in the determination of biological 
compounds such as cholic acid in body fluids, albumin in human serum, thymine and lysozyme 
[171, 185, 187, 188]. Additionally, other chemical and pharmaceutical compounds have been 
detected as well by MIP-QCM sensors such as bisphenol A, the chemical nerve agent analog 
pinacolyl methylphosphonate and the cholesterol-lowering drug lovastatine [186, 189, 191]. 
Furthermore, also multi-channel MIP-QCM sensors have been generated in which already four 
channels were combined [190]. It has been stated that piezoelectric devices such as QCM can 
measure the analyte mass and corresponding change in oscillation in a very sensitive manner 
[182, 183]. QCM surfaces are mentioned to be relatively inexpensive and demonstrate a good 
availability [182]. Furthermore, the ease of modification with MIP recognition elements 
provides another big advantage for this type of sensor surfaces [182]. The shift in oscillation 
frequency can easily be detected and measured [182]. Importantly, these type of sensors are 
suitable for the detection of small (non-)biological molecules and distinction between 
enantiomers [182, 183, 192]. However, to develop an adequate, reproducible and reliable MIP 
QCM sensor, the layer thickness and properties of MIP coating should be fine-tuned and 
controlled to obtain the ideal situation for the response characteristics, sensitivity and 
enantio-selectivity [182, 192].   
 
Figure 1.34. Schematic representation of the principle of a MIP based quartz crystal microbalance (QCM) 
sensor. Binding of the target molecule to the MIP results into a change in the oscillation frequency. 
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5.4.3.7. Surface plasmon resonance 
Next to QCM, another widely used biosensor based on another physical principle is SPR. The 
experimental setup of such a sensor is presented in Figure 1.35 and consists of three major 
parts: (i) hemispherical prism through which monochromatic, polarized light is reflected, (ii) 
metal coating on the prism (mostly gold) and (iii) a flow cell in which interaction occurs 
between immobilized recognition elements and analytes present in a sample. Incident 
photons will interact with free electrons in the metal. In case the electrical field energy of 
certain photons has the desired characteristics, photons will be absorbed and energy is 
transferred to the electrons resulting in free oscillating electrons, also known as surface 
plasmons. Reflected photons create an electric field directed into the prism whereas plasmons 
create evanescent waves directed to both sides (prism and medium). As a result of the above 
described phenomena, photons converted to plasmons leave a gap in the reflected light 
resulting in the resonance angle. Furthermore, the refractive index of the medium in the flow 
cell is also an important factor. Binding of analytes to the recognition molecules will lead to a 
change in refractive index which will be detected as a change in resonance angle of the 
reflected light. This angle correlates with the amount of analytes bound to the surface. For 
low molecular weight components alternative solutions need to be investigated since they are 
not able to cause a significant difference in refractive angle. Antibodies are most widely used 
as recognition elements in SPR sensors. However, also the MIP technology has found several 
applications in this type of sensors which are applied in various research domains such as 
detection of testosterone, 3,3’-dichlorobenzidine and the mycotoxins zearalenone and 
deoxynivalenol [193-196]. SPR is known to have a good signal reliability and stability [195]. 
Therefore, SPR enables rapid, label-free, real-time and highly sensitive analysis of a wide range 
of (small) biological and chemical targets in various applications [193, 197]. Furthermore, since 
SPR is characterized by a high sensitivity, detection of even sub-nanomolar concentrations is 
possible as well [195]. However, further research is ongoing to improve the binding capacity 
and rapid diffusion of the target from the recognition sites [193].   
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                A                                                                                                               
 
              B                                        
 
Figure 1.35. The principle of a MIP based surface plasmon resonance (SPR) sensor. The resonance angle (θ) of 
monochromatic, polarized light through a hemispherical prism is altered after binding of the analyte with 
immobilized recognition elements. A: no analytes are present. B: analytes are present. 
 
5.4.4.  The use of porous PCL scaffolds as MIP carrier structures 
Porous scaffolds for MIP immobilization on 3D structures can be produced by the BioplotterTM 
technology. Hereto the polymer PCL provides useful characteristics since the rather low PCL 
melting point of 60°C allows smooth melting of this polyester in the heated extrusion head of 
the device. Additionally, PCL is a semi-crystalline rigid polymer (high E modulus) with good 
mechanical characteristics which are needed for the scaffolds since they will function as 
carrier structures for recognition elements and need to offer a stable structure. The 
BioplotterTM device is imaged in Figure 1.36 and is based on extruding a polymer melt. 
Additionally, a design of the wanted 3D structure is generated by specialized software (CAD, 
computer aided design). On its turn, the device is also driven by software (CAM, computer 
aided manufacturing). This technique allows the production of interconnective porous 
structures. These interconnective pores allow immobilization of recognition elements by 
perfusion of the structure with a suspension containing these elements.  
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Figure 1.36. The BioplotterTM setup used for production of porous PCL scaffolds. 
 
6. Antibodies as recognition elements in mycotoxin analysis   
 
6.1.  Introduction to antibody recognition elements  
Antibodies are produced by injection of an immunogen into animals which provokes an 
adaptive immune response. The resulting antibodies are proteins with a typical Y shape which 
consists of two heavy and two light chains (Figure 1.37). These chains consist of a constant 
and variable region and the antibody structure is divided in two parts: (i) the constant Fc region 
and (ii) the more variable antigen binding Fab region. Consequently, the Fab region is 
responsible for the specific antigen recognition. Upon injection of an immunogen in animals, 
two different types of antibodies can be produced. First, monoclonal antibodies are produced 
by one single activated B-cell and are all able to recognize the same specific epitope on the 
antigen molecule. The B-cells are isolated from the spleen of immunized animals, mostly mice, 
and fused with tumor cells to form hybridoma. These hybridoma are capable of continuously 
producing monoclonal antibodies. Secondly, polyclonal antibodies are isolated from blood 
serum and consist of a mixture of different antibodies which recognize different epitopes of 
the antigen molecule. For small antigens, the molecule is often coupled to a peptide via linker 
molecules to provoke a sufficient immune response. In immuno-based analytical techniques, 
an additional distinction is made between primary and secondary antibodies. Primary 
antibodies are able to recognize the target antigen for which they were provoked. On the 
contrary, the antigen binding sites of secondary antibodies can interact with the Fc region of 
the primary antibodies. For example, secondary anti-mouse antibodies produced in rabbits 
are able to interact with the primary antibodies produced in mice. In general, primary 
antibodies are often monoclonal whereas secondary antibodies are usually polyclonal. [198] 
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Figure 1.37. General structure of an antibody recognition element. 
 
6.2.  Monoclonal antibodies for recognition of DON 
Next to MIP particles for the detection of ergot alkaloids, this work aimed to use antibodies 
for the recognition of DON. The production of anti-DON monoclonal antibodies in mice was 
previously described in literature [66]. Briefly, different antibodies were obtained with their 
own cross-reactivity to two acetylated DON derivatives, 15-acetyldeoxynivalenol (15-ADON) 
and 3-acetyldeoxynivalenol (3-ADON). Hereto, different linkers were placed on the C15 or C3 
position of the DON structure which resulted in higher cross-reactivity for 15- or 3-ADON 
respectively. In case the linker was coupled to the C8 position, the immune response was low 
which indicated the immunogenic importance of this part of the molecule. One antibody clone 
could be defined as an anti-3-ADON monoclonal antibody. A second clone was produced by 
coupling an N, N’-carbonyldiimidazole (CDI) linker on the C3 and C15 position of DON. Next, 
the DON-linker was coupled to bovine serum albumin (BSA) and injected as immunogen in 
mice which resulted in broader specific antibodies which recognize DON, 3-ADON and 15-
ADON. However, when using these broad spectrum antibodies in an indirect ELISA, the 
selectivity changes leading to only cross-reactivity against 3-ADON. Therefore, simultaneous 
application of the two above described antibodies in an indirect ELISA format made it possible 
to solely determine DON. Further in this research, the broader specific monoclonal anti-DON 
antibodies were used for immobilization and subsequent interaction with DON.  
 
6.3.  Antibody immobilization by the AEMA grafting technology 
Similar to MIP particles, antibody recognition elements were immobilized within this project 
on 2D and 3D PCL structures. However, this was not achieved by means of hydrogel building 
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blocks. The immobilization of antibodies is established by applying the 2-aminoethyl 
methacrylate (AEMA) grafting technology through which PCL samples are modified to obtain 
reactive surfaces [199]. In a first step, the PCL substrates are treated with argon plasma and 
exposed to air to obtain more reactive (hydro)peroxide groups. Next, these groups will initiate 
the vinyl groups of AEMA under UV exposure, resulting in a covalent immobilization of AEMA 
onto the PCL surfaces. Subsequently, the introduced primary amine functions are capable of 
interacting with the C-terminus of antibodies.  
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Since mycotoxins are naturally occurring contaminants in several matrices, the risk of 
contamination and subsequent intoxication is always present. Contamination of food or feed 
by these toxic molecules for humans and animals should be avoided or at least limited. To be 
able to control and measure the ppb-ppt mycotoxin levels, research is conducted to develop 
efficient analysis methods. As described in Chapter 1 (see § 4.), mycotoxin analysis consists 
of rapid screening tests and confirmation methods, both characterized by their own 
limitations and disadvantages. For example, sample preparation prior to LC-MS/MS analysis 
is often time-consuming and performed by solid phase extraction (SPE) based on non-
selective interactions. This indicates the need for more performant analytical tools and 
methods for rapid, sensitive, robust and selective (multi-) mycotoxin analysis which results in 
the main research goal of this project. More specifically, new SPE columns based on porous 
scaffolds loaded with molecular recognition elements as mycotoxin sorbents will be 
developed and applied prior to LC-MS/MS for selective (multi-) mycotoxin purification.  
 
The selection of moving towards an approach which applies 3D scaffolds is related to three 
important goals which were defined to improve mycotoxin analysis. First, the observation 
that generally used MISPE methods can be characterized by back pressure problems [1], 
resulted in the will to tackle this potential problem by the use of scaffolds. Second, 
immunosorbents are widely prepared by using cyanogen bromide. Since the binding capacity 
is limited by possible sterical hindrance [2] and it is desired to avoid working with toxic 
compounds for the production of the immunoaffinity columns, the scaffold approach was 
introduced for antibodies as well. Finally, scaffolds loaded with recognition elements can be 
applied as modular systems which can be combined based on the demands needed for a 
specific analysis. For example, when zearalenone and deoxinivalenol (DON) need to be 
tested simultaneously in one sample, two scaffolds each loaded with recognition elements 
for one particular mycotoxin can be combined in one SPE column. Importantly, this type of 
SPE columns allows custom-made purification by multi-mycotoxin SPE prior to LC-MS/MS 
analysis based on the needs at a certain moment. Therefore, the first objective of this 
research is using the Bioplotter™ technology to produce cylindrical porous poly-ε-
caprolactone (PCL) scaffolds since they will be transferred into empty cylindrical SPE 
columns. Consequently, their characteristics such as pore size will be studied and visualized 
by optical microscopy and scanning electron microscopy (SEM). Subsequently, these porous 
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scaffolds will be used as 3D supporting structures to immobilize recognition elements for 
SPE. Within this research, antibodies and molecularly imprinted polymers (MIP) are the two 
types of recognition elements which will be combined with the scaffold approach. By using 
these elements, target analytes can be selectively extracted and purified from samples. 
Next, bound mycotoxins can be eluted from the SPE column for quantification by LC-MS/MS.  
 
In most specific mycotoxin SPE procedures, antibodies are the gold standard. Therefore, 
antibodies will be tested in combination with the PCL porous scaffolds as SPE sorbents. Since 
earlier developed monoclonal antibodies for the recognition of DON are available in the 
laboratory [3], these antibodies will be used to illustrate and investigate the binding 
potential of the new SPE sorbent based on antibody functionalized scaffolds. More 
specifically, these antibodies will be immobilized on PCL by means of secondary anti-mouse 
antibodies which will be deposited on the surface through the 2-aminoethyl methacrylate 
(AEMA) grafting technique.  
 
In parallel to antibodies, MIP recognition elements will be tested as well. Since the 
knowledge concerning previously developed ergot alkaloid MIP is present [4], this group of 
mycotoxins is selected for the production of the targeted MIP particles. Additionally, by 
working with the six major ergot alkaloids, MIP will be group specific and enable multi-
mycotoxin analysis. Since an efficient packing of particles in a column is generally obtained 
by using spherical particles, this characteristic is desired for an efficient immobilization in the 
3D scaffold. Furthermore, smaller particles have a higher surface-to-volume ratio and the 
MIP should not block the pores of the scaffolds following immobilization. Therefore, 
spherical sub-micrometer sized MIP are targeted within this project in contrast with the 
earlier developed ergot alkaloid MIP [4]. Importantly, sub-micrometer sized MIP cannot be 
used in the general SPE format since these particles will pass through the pores of the FRIT 
filters and therefore not be retained inside the column due to their small size. Spherical sub-
micrometer sized MIP can be produced by precipitation polymerization which resulted in the 
selection of this technique to obtain MIP for recognition of ergot alkaloids. The 
morphological, chemical, thermal and functional characteristics of the particles will be 
studied. Subsequently, the MIP recognition elements will be immobilized onto PCL by using 
Pluronic® F127 bismethacrylate (PF127-BMA) hydrogel building blocks.  
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For both antibody and MIP recognition elements, the grafting and immobilization process 
will first be studied on 2D PCL structures since less material is needed and a higher variety of 
techniques is present for surface characterization. Consequently, this results in easier 
optimization for 2D surfaces compared to the 3D format. In a next step, the optimal 
immobilization parameters will be transferred to the more complex 3D PCL scaffolds.  
 
In summary, both new SPE technologies are based on the same principle which is the 
deposition of antibodies or MIP on a 3D PCL scaffold for the detection of mycotoxins. As 
described above, the final objective of this project is placing the cylindrical scaffolds in 
empty SPE columns to obtain a new type of SPE for sample preparation. Consequently, 
component specific (eg. DON antibodies) or group specific (eg. ergot alkaloid MIP) 
recognition elements can be combined as different scaffold modules in one SPE column, 
dependent on the application which is targeted. By implementing these SPE methods in 
mycotoxin analysis, a selective sample purification will be applied prior to LC-MS/MS 
analysis. 
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1.  Introduction 
 
Molecularly imprinted polymers (MIP) are synthetic recognition elements which are 
generally produced and applied as alternatives to more conventional recognition elements 
such as antibodies. The use of MIP in various applications is still increasing which indicates 
their potential for a selective recognition of target analytes. In this respect, these recognition 
elements have already been described for the selective binding and detection of a broad 
range of mycotoxins [1-3]. This indicates the potential of applying these synthetic 
recognition elements in a new type of solid phase extraction (SPE) application based on 
porous scaffolds for mycotoxin analysis. In this chapter, the production and characterization 
of MIP particles for ergot alkaloid recognition will be described.   
 
2.  Materials for ergot alkaloid NIP/MIP production and experimental setup for 
characterization 
 
2.1. Materials and reagents  
Metergoline, methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA), 
divinylbenzene (DVB), trimethylolpropane trimethacrylate (TRIM), triethylamine (TEA), 
Tween®80, ammonium bicarbonate and standards of methylergometrine (MeEm) and 
dihydroergotamine (DHEt) were supplied by Sigma-Aldrich (Bornem, Belgium). To remove 
the presence of hydroquinone inhibitor molecules MAA was passed through a neutral 
aluminum oxide column prior to use. 2,2-azobisisobutyronitrile (AIBN) was acquired from 
Acros Organics (Geel, Belgium). Acetonitrile (Analar Normapur) (ACN), methanol (MeOH) 
HiPerSolv and disodium phosphate (Na2HPO4) were obtained from VWR International 
(Leuven, Belgium). LC-MS/MS grade ACN and MeOH were bought from Biosolve 
(Valkenswaard, The Netherlands) as well as formic acid 99%. Monopotassium phosphate 
(KH2PO4), ammonium 25 % and hydrogen chloride were purchased from Merck (Darmstadt, 
Germany). Standards of ergometrin(in)e (Em(n)), ergosin(in)e (Es(n)), ergotamin(in)e (Et(n)), 
ergocristin(in)e (Ecr(n)), ergocryptin(in)e (Ekr(n)) and ergocornin(in)e (Eco(n)) were supplied 
by Food Risk Management (RomerLabs agent in Benelux, The Netherlands). Ultrapure MilliQ 
water was obtained by a Milli-Q gradient system of Millipore (Brussels, Belgium). 
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2.2. Experimental setup for NIP/MIP particle characterization methods   
2.2.1.  Morphological characterization 
Size and additional morphological information was achieved by SEM (Phenom desktop 
device, Eindhoven, The Netherlands), laser diffraction analysis (Mastersizer S, Malvern 
Instruments, Malvern, United Kingdom) and DLS (Malvern Nano ZS-Sysmex, Malvern 
Instruments, Malvern, United Kingdom). Prior to SEM analysis, particles were exposed to 
vacuum and subsequently gold sputtered. Laser diffraction size analysis was conducted by 
using a 300 RF lens which detects particles sizes from 0.05 to 900 µm. Hereto, polymer 
particles were dispersed in water and added to the laser diffraction system until 10 % 
obscuration was observed. For DLS, five independent samples and measurements were 
performed in ACN, followed by calculation of the mean particle size based on the size 
distribution provided by the software.    
 
2.2.2.  Chemical and thermal characterization  
Components used in the polymerization process and final NIP/MIP particles were chemically 
analyzed by using NMR (Bruker 300) analysis. Hereto, 10 mg of particles or 100 µl of liquid 
components were brought in suspension with deuterated ACN (Euriso-top, Cambridge 
Isotope Laboratories Inc, Saint-Aubin, France). Thermal characterization was performed by 
TGA (Q50 TGA, TA Instruments, New Castle, USA). Hereto, samples were transferred into the 
sample holder and the equipment was equilibrated at 45°C. Next, the samples were heated 
to 550°C at 10°C/min, followed by equilibration at 350°C. The degradation temperature (Tdeg) 
was set at the specific temperature for which a 5 % weight loss was observed. All TGA results 
were analyzed by the TA universal analysis software (TA Instruments, New Castle, USA).  
 
2.2.3.  Equilibrium experiments by LC-MS/MS  
MIP and NIP (5 mg) were spiked with different concentrations of metergoline prepared in 
ACN ranging from 5 to 150 µM. Subsequently, the samples were shaken overnight to reach 
equilibrium, followed by centrifugation (20000 g, 20’) and 500 µl of the supernatant was 
transferred to centrifugal filters (17968 g, 5’). Subsequently, 200 µl was dried under 
nitrogen. The samples were then reconstituted in 500 µl of a 10 µM MeEm (internal 
standard (IS)) solution in ACN and analyzed by an isocratic ACN/0.3% formic acid LC-MS/MS 
method. As negative controls, one MIP and NIP sample was spiked with IS but no 
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metergoline was added. Finally, a blank series without polymers was prepared which 
consisted of metergoline-ACN solution and were spiked with MeEm. These blank samples 
were subjected to the above described protocol as well.  
 
2.2.4.  Recovery experiments by LC-MS/MS  
The binding capacity of MIP regarding the six major ergot alkaloids and their epimers 
(Eco(n), Ecr(n), Ekr(n), Em(n), Es(n), Et(n)) was performed by spiking 5 mg MIP and NIP with 
250 µl of an ergot solution in which each ergot alkaloid and epimer was present in a 0.08 
µg/ml concentration. This solution was prepared in ACN, ACN/[KH2PO4/Na2HPO4]-buffer pH7 
(80/20), ACN/[KH2PO4/Na2HPO4]-buffer pH5 (80/20) or ACN/[KH2PO4/HCl]-buffer pH3 
(80/20). The eppendorf tubes were shaken (2h, 4°C), followed by centrifugation (20000 g, 
20’) and removal of the supernatant. Next, the particles were washed by adding 1 ml MilliQ 
water and shaking (30’, 4°C). Next, the samples were again centrifuged (20000 g, 20’) and 
the supernatant was removed. Subsequently, 500 µl of MeOH/TEA (95/5) was added and 
after shaking (2h, 4°C) and centrifugation (20000 g, 20’), the supernatant was transferred to 
centrifugal filters (17968 g, 5’). To 200 µl of each sample, 25 µl of a 1 µg/ml IS mixture (DHEt 
and MeEM) was added. Finally, all samples were dried under nitrogen. For both MIP and NIP, 
this protocol was performed in threefold. Additional to the above described samples, a 
second group of 3 MIP and NIP samples followed the same protocol. However, these 
samples were spiked with ergot solution before drying under nitrogen. Finally, all samples 
were reconstituted in 1 ml MeOH/ACN/H2O (20/40/40) of which 100 µl was transferred to a 
HPLC vial and analyzed by using an earlier described LC-MS/MS method with an Acquity 
UPLC® Quattro Micro triple quadruple spectrometer (Waters, Milford, MA, USA) [4]. Since 
both R and S epimers could be reversibly converted to each other through the epimerization 
reaction, the results were reported for the sum of each ergot alkaloid and its epimer as 
previously suggested [2]. Statistical analysis was performed by the non-parametric Mann-
Whitney U test (SPSS version 23, IBM, New York, USA). A p-value < 0.05 was considered as 
statistically significant. 
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3. Production and selection of NIP particles with desired characteristics 
 
3.1. Desired characteristics of the final particles 
In the final MIP application of this project, it is desired to immobilize particles in the pores of 
3D scaffolds. Therefore, sub-micrometer sized MIP particles are needed to obtain a sufficient 
immobilization which is homogeneous and does not block the pores. Additionally, the 
smaller the particles, the higher the surface-to-volume ratio of the polymers which results in 
relatively more available binding surface and higher chances of binding target molecules. 
Hence, sub-micrometer sized particles are desired. Consequently, the first objective is the 
production of spherical sub-micrometer sized MIP for the detection of ergot alkaloids. Since 
size and geometry are important factors, selection of ratios leading to particles with the 
desired characteristics and optimization of the polymerization parameters was investigated 
by the production of NIP particles prior to MIP for ergot alkaloids. The initial use of NIP 
allows fast and less expensive research since no template and removal thereof are required.  
 
3.2.  Precipitation polymerization of NIP particles 
To obtain sub-micrometer sized spherical particles precipitation polymerization was selected 
as polymerization technique. Consequently, a Design Of Experiment (DOE) was set up by 
using a central composite design (Modde 10.1, Umetrics, Malmö, Sweden) based on 
previously published research [2, 5-10]. In this design, the functional monomer MAA was 
selected and three different crosslinkers were tested, more specifically EGDMA, TRIM and 
DVB. Although the chemical structure and reactivity of DVB are rather different compared to 
EGDMA and TRIM, this crosslinker was selected based its frequent use in literature. Different 
ranges were set and applied for the various polymerization reagents: MAA 0.5 - 1.31 mmol, 
EGDMA/TRIM/DVB 0 - 5.25 mmol and 7 - 40 ml ACN as solvent. Each polymerization used 
AIBN as initiator molecule. Table 3.1 shows the different parameters of the 25 
polymerization reactions which were performed for the production of NIP by precipitation 
polymerization. The displayed amounts of MAA, DVB, EGDMA and/or TRIM were brought in 
the given volume of ACN into a glass tube. Simultaneously, an AIBN solution in ACN of 2 
mol% was prepared stoichiometrically in relation to the amount of reactive bonds of the 
functional monomer and crosslinker molecules. The AIBN solution was sonicated for 15 
minutes and 1 ml was added to the reaction mixture. Subsequently, the whole mixture was 
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flushed with nitrogen for 5 minutes, sealed off and placed between UV lights (λ = 365 nm). In 
general, precipitation polymerization is often performed without UV irradiation and at 60°C 
for a thermal initiation of the reaction by AIBN [5, 8, 10, 11]. However, previous in-house 
experiments (unpublished) indicated that the rebinding properties of final MIP particles 
were improved when performing polymerization at 0°C and initiation through UV irradiation. 
Additionally, the successful production of imprinted polymers by photo-initiation of AIBN 
was already described in literature [12, 13]. Therefore, precipitation polymerization was 
performed at 0°C for 16 hours under UV after which the particles were dried. The 
optimization of the drying process will be described in § 3.3.2. 
 
Table 3.1. Design of experiment for production of non-imprinted polymers (NIP) and corresponding particle 
sizes determined by laser diffraction analysis in which MAA = methacrylic acid, DVB = divinylbenzene, 
EGDMA = ethylene glycol dimethacrylate, TRIM = trimethylolpropane trimethacrylate and ACN = acetonitrile. 
For each sample one measurement is shown. 
Polymerization 
reaction 
MAA 
(mmol) 
DVB 
(mmol) 
EGDMA 
(mmol) 
TRIM 
(mmol) 
ACN 
(ml) 
Particle size 
(µm) 
1 1.31 0 5.25 5.25 7 7.23 
2 0.905 2.625 2.625 2.625 7 1.49 
3 1.31 5.25 5.25 0 7 No NIP obtained 
4 0.905 2.625 2.625 0 23.5 No NIP obtained 
5 0.905 2.625 5.25 2.625 23.5 4.52 
6 0.905 2.625 2.625 2.625 40 3.10 
7 1.31 0 5.25 0 40 No NIP obtained 
8 0.5 2.625 2.625 2.625 23.5 No NIP obtained 
9 0.5 5.25 0 0 7 No NIP obtained 
10 0.905 2.625 2.625 2.625 23.5 4.01 
11 0.5 5.25 5.25 5.25 7 2.66 
12 0.5 0 5.25 5.25 40 27.21 
13 0.5 0 5.25 0 7 6.45 
14 0.5 5.25 5.25 0 40 No NIP obtained 
15 1.31 0 0 5.25 40 0.54 
16 1.31 5.25 0 5.25 7 9.96 
17 1.31 5.25 0 0 40 No NIP obtained 
18 0.905 0 2.625 2.625 23.5 0.42 
19 0.5 0 0 5.25 7 2.82 
20 0.905 2.625 0 2.625 23.5 No NIP obtained 
21 0.5 5.25 0 5.25 40 2.34 
22 0.905 2.625 2.625 5.25 23.5 41.29 
23 1.31 2.625 2.625 2.625 23.5 2.82 
24 1.31 5.25 5.25 5.25 40 4.04 
25 0.905 5.25 2.625 2.625 23.5 5.22 
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3.3.  Selection and optimization of parameters leading to desired particle characteristics 
3.3.1. Laser diffraction analysis and selection of solvent and monomer/crosslinker ratios 
Selection of the optimal amount of solvent and monomer/crosslinker ratios which resulted 
in the desired sub-micrometer sized particles is performed by laser diffraction 
measurements in water. The results concerning the particle sizes are shown in Table 3.1. The 
values represent one measurement for each sample. These data confirm the statement that 
the type and ratios of the different polymerization reagents clearly influence the final 
particle size. For eight polymerization reactions, no NIP particles were formed. Remarkably, 
in six out of these eight reactions, TRIM was not used as crosslinker which indicates the 
potential importance of using the trifunctional TRIM as crosslinker molecule in order to 
obtain the desired sub-micrometer sized particles. Additionally, it can be concluded that by 
performing precipitation polymerization NIP particles of different sizes (nm-µm) were 
produced. The NIP particles which were obtained could be divided in two groups. For 15 
conditions micrometer sized particles were obtained (Table 3.1). However, after laser 
diffraction analysis only two samples were identified with sizes in the sub-micrometer range 
(15 and 18) (Table 3.1). These two conditions were characterized by a lower total amount of 
crosslinker compared to the polymerization reactions which resulted in bigger particles. The 
only two other conditions which used 5.25 mmol of crosslinker molecules and resulted in 
bigger particles were performed in only 7 ml of solvent. Consequently, this could indicate the 
beneficial effect of using a higher solvent volume in combination with a specific crosslinker 
amount which is not too high. Concerning the final application of this project, a narrow size 
distribution of the sub-micrometer sized particles is targeted with respect to the uniformity 
of these particles. Therefore, the particle size distributions of the sub-micrometer sized 
particles are pictured in Figure 3.1. As can be observed from these data, the particles had a 
median size of 540 nm and 420 nm whereas the mean volume sizes were calculated as 570 
nm and 440 nm respectively. The small differences between the medians and mean volume 
sizes, together with narrow size distributions as indicated by the uniformity of the 
distribution, indicated a uniform distribution of the particle sizes. Consequently, these two 
reaction conditions were selected for the production of particles and used for further 
experiments.    
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 A 
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Figure 3.1. Laser diffraction results of sub-micrometer sized NIP with median sizes of 420 nm (A) and 540 nm 
(B). D(v,0.5) represents the median, D[4,3] the mean volume and D[3,2] the mean surface area  
of the distribution. 
 
 
3.3.2. Optimization of the drying process   
The drying protocol of the NIP and MIP should lead to a powder form which is easy to handle 
for practical reasons, since the final particles need to be immobilized onto scaffolds. Initially, 
particles were dried in a reaction tube at 55°C-60°C. For both selected ratios resulting in 420 
nm and 540 nm particles, aggregation was visually observed after drying and confirmed by 
scanning electron microscopy (SEM). Figure 3.2 demonstrates the aggregation of the 420 nm 
particles.  
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Figure 3.2. Scanning electron microscopy (SEM) images of 420 nm NIP after drying at 55°C-60°C 
demonstrating aggregation of the particles. 
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Since the above described aggregation can cause problems in the final immobilization 
protocol, the surface reactive Tween®80 was added prior to drying of the particles to 
prevent aggregation. For the 540 nm particles a clear decrease in aggregation was observed 
by SEM analysis. Figure 3.3 (A-B) shows the spherical characteristics of these particles. The 
effect of Tween®80 was less pronounced for the 420 nm particles (Figure 3.3 (C-D)). On the 
one hand, this could be related to the even smaller size of the particles. On the other hand, 
the chemical composition of these smaller particles could also have an influence on the 
effect of the surfactant. More specifically, both sub-micrometer sized particles contained the 
same amount but different compositions of crosslinker molecules. In the 540 nm particles, 
5.25 mmol of TRIM was used whereas the smaller particles contained 2.625 mmol of both 
EGDMA and TRIM. Probably, the less hydrophobic character of the 420 nm particles due to 
the lower amount of TRIM could have an effect on the performance of the surfactant. 
Although the use of surfactant molecules was able to reduce aggregation, it could not be 
used in the final drying process of MIP since it is difficult to remove. Furthermore, it was 
observed that Tween®80 covered the NIP particles since it was present in between and 
around the particles. In this respect, it has been stated that the presence of surfactant 
molecules in the pre-polymerization complex can interfere with the template-functional 
monomer interactions such as hydrogen bonds in non-covalent molecular imprinting [14, 
15]. Therefore, it can be speculated that the presence of Tween®80 can possibly influence 
the binding capacity of the MIP. Additionally, if Tween®80 molecules would cover the MIP 
particles, binding places can possibly be blocked.  
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Figure 3.3. Scanning electron microscopy (SEM) images of 540 nm NIP (A-B) and 420 nm NIP (C-D) after 
drying at 55°C-60°C in the presence of Tween®80, demonstrating the positive effect of the surfactant 
molecules on the aggregation of the 540 nm NIP. This effect was less pronounced for the 420 nm NIP.  
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The presence of spherical particles was observed for the 540 nm NIP which confirmed the 
initial problem with the drying process resulting in aggregates. Consequently, the protocol 
was adapted to drying particles at room temperature on petridishes covered by aluminum 
foil to decrease the direct contact between the particles due to spreading thereof. 
Additionally, MeOH was added to enhance the drying process to air. For the 420 nm NIP, 
SEM images showed again aggregation and no spherical particles (Figure 3.4). After the new 
drying process, the previously described ratio which led to 540 nm NIP resulted in spherical 
particles of 740 nm as determined by SEM and laser diffraction analysis in water (Figure 3.5). 
The particle size distribution showed there was still a fraction of the NIP particles which were 
possibly aggregated and thus resulted in tailing and a broader peak at higher size values.  
 
 
 
 
Figure 3.4. Scanning electron microscopy (SEM) images of 420 nm NIP after drying at room temperature on 
petridishes covered with aluminum foil revealed aggregation of the particles. 
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Figure 3.5. Scanning electron microscopy (SEM) images (A-B) and laser diffraction results (C) of NIP with a 
median size of 740 nm after drying at room temperature on petridishes covered with aluminum foil. D(v,0.5) 
represents the median, D[4,3] the mean volume and D[3,2] the mean surface area of the distribution. 
 
The above described results indicated the ratio of 1.31 mmol MAA / 5.25 mmol TRIM / 40 ml 
ACN as most successful for the production of NIP. Spherical NIP particles were produced 
with a size of approximately 540-740 nm. Since the particle distribution was not optimal 
after the new drying protocol, further investigation and confirmation concerning the NIP size 
was performed by DLS analysis in which the particles were measured in ACN instead of 
water as was the case in laser diffraction analysis. Previous research showed the successful 
use of loading solvents containing 80 % ACN for ergot alkaloid SPE [2]. Additionally, since 
ACN was used as porogen for particle production, this solvent was put forward for mimicking 
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the final application conditions in which the particles will be used. DLS analysis of NIP 
particles produced by the selected ratio revealed an average particle size of 239 ± 56 nm. 
The obtained size by DLS could be explained by the suspension of NIP in the porogen itself 
which might result in less aggregation and thus lower size values representing the actual size 
of the NIP. Consequently, the ratio resulting in these NIP particles was selected to move 
towards MIP production by using the adapted drying process.   
 
4. Production of MIP for recognition of ergot alkaloids  
   
4.1. Selection of the template molecule 
For the production of MIP for recognition of ergot mycotoxins, metergoline was used as 
template to mimic the six major ergot alkaloids which are most common and physiologically 
active (ergometrine, ergotamine, ergosine, ergocristine, ergokryptine, ergocornine) and their 
epimers [4]. Metergoline was used because of the similar chemical structure compared to 
the ergoline group which forms the basic ergot alkaloid structure (Figure 3.6). Additionally, 
this dummy template was selected to prevent template bleeding and working with 
expensive and toxic ergot alkaloids. Moreover, metergoline has already successfully been 
applied for MIP production for the ergot alkaloids [2]. 
      A                                    B          C 
 
Figure 3.6. Chemical structures of the six major ergot alkaloids containing the same basic structure with 
specific side chains. A: Basic ergoline structure. B: Different R-groups. C: Chemical structure of the 
metergoline template used for molecular imprinting which is similar to the basic ergoline structure. 
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4.2.  Development of MIP against ergot alkaloids 
MIP were produced based on the selected ratio and parameters which lead to sub-
micrometer sized spherical NIP particles (see § 3.). To these amounts of reagents, 
metergoline was added as a template. Two different ratios, presented in Table 3.2, were 
analyzed for their application to produce synthetic ergot alkaloid recognition elements. Both 
MIP were produced by precipitation polymerization (0 °C, UV) applying ACN as solvent and 
AIBN as initiator. MAA and TRIM were used as respectively functional monomer and 
crosslinker. Although SEM and laser diffraction analysis of MIP produced by the first applied 
polymerization condition demonstrated no proof of aggregation (Figure 3.7), the particles 
did not result in a powder form which was easy to handle for future immobilization 
experiments. Since this was not the case for the other condition and a homogenous 
distribution of MIP on scaffolds is desired, the second ratio was selected for the production 
of ergot alkaloid MIP and further characterization (see § 5.). More specifically, the 
template/functional monomer/crosslinker ratio was fixed at 1/6/24.  
 
In summary, the final process and parameters for ergot alkaloid MIP production by 
precipitation polymerization were described in which 0.218 mmol metergoline (template), 
1.309 mmol purified MAA (functional monomer) and 5.250 mmol TRIM (crosslinker) were 
added in a 1/6/24 ratio to 39 ml of ACN into a glass tube. Simultaneously, an AIBN solution in 
ACN of 2 mol % was prepared stoichiometrically in relation to the amount of reactive bonds 
of the functional monomer and crosslinker molecules. The AIBN solution was sonicated for 
15 minutes and 1 ml was added to the reaction mixture. Subsequently, the whole mixture 
was flushed with nitrogen for 5 minutes, sealed off and placed between UV lights (λ = 365 
nm). Polymerization was performed at 0°C for 16 hours. After polymerization, MIP particles 
were rinsed with MeOH and dried to air on petridishes covered by aluminum foil. The 
removal of the template was accomplished by performing an overnight soxhlet extraction 
using a MeOH/TEA (95/5) mixture and confirmed by LC-MS/MS analysis.  
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Table 3.2. Amount of reagents applied for the production of molecularly imprinted polymers (MIP) in which 
MAA = methacrylic acid, TRIM = trimethylolpropane trimethacrylate and ACN = acetonitrile. 
Polymerization 
reaction 
Metergoline 
(mmol) 
MAA 
(mmol) 
TRIM 
(mmol) 
ACN 
(ml) 
1 0.164 1.31 5.25 40 
2 0.218 1.31 5.25 40 
 
 
 
  A  
 
 B 
 
 
Figure 3.7. Scanning electron microscopy (SEM) image (A) and laser diffraction results (B) of MIP particles 
produced according to template/functional monomer/crosslinker ratio 1/8/32. D(v,0.5) represents the 
median, D[4,3] the mean volume and D[3,2] the mean surface area of the distribution. 
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When comparing the above proposed polymerization process to the parameters described 
for earlier developed ergot alkaloid MIP [2], some important similarities and differences can 
be noted. As mentioned before, metergoline was successfully applied as template to mimic 
the proposed ergot alkaloid group which resulted in the selection of this template within this 
PhD work. Although MAA was also selected as functional monomer, previous research used 
EGDMA as crosslinker and chloroform as a porogen in suspension polymerization, whereas 
the newly described precipitation polymerization applied TRIM and ACN. The 
template/functional monomer/crosslinker ratio was in both studies set at 1/6/24. Finally, 
polymerization occurred for 2h at room temperature compared to the proposed 16h at 0°C 
in this research. In conclusion, one can expect to obtain MIP particles with different 
characteristics by the described precipitation polymerization parameters compared to the 
earlier applied suspension polymerization method. In this respect, sub-micrometer sized 
particles are targeted compared to the previously described MIP with an average particle 
size of 30 µm.     
 
 
5. Characterization of MIP particles for recognition of ergot alkaloids 
 
5.1. Morphological characterization of the MIP particles  
SEM, laser diffraction and DLS analysis were performed to study the morphological 
characteristics of the MIP against ergot alkaloids produced using the above described 
metergoline/MAA/TRIM ratio of 1/6/24 (see § 4.2.). SEM images of both MIP and NIP 
showed spherical characteristics of the particles (Figure 3.8). However, more aggregation 
could be noted in case of MIP compared to NIP particles which could not further be 
explained. These SEM images also provide information regarding the size of the particles, 
indicating the smaller size of the produced NIP particles compared to MIP. However, in order 
to obtain actual size values, particle size analysis needed to be performed.    
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 A   B 
      
 C   D 
      
Figure 3.8. Scanning electron microscopy (SEM) images of spherical NIP (A-B) and MIP (C-D) developed 
against ergot alkaloids by using metergoline as template. More aggregation was noticed for MIP compared 
to NIP. 
 
Based on the scattering angles of the MIP particles, the laser diffraction analysis software 
calculated a volume size distribution of the ergot alkaloid MIP as well as the median 
(D(v,0.5)), the mean volume (D(4,3)), the mean surface area (D(3,2)) and the uniformity of 
the distribution as depicted in Figure 3.9. MIP against ergot alkaloids were characterized by a 
median size of 1.78 µm. As mentioned before, the corresponding NIP particles showed a 
median diameter of 540 - 740 nm in laser diffraction analysis (see § 3.3.). Hence, laser 
diffraction analysis indicated that the MIP particles were bigger compared to the NIP. 
However, to the best of our knowledge, no explanation could be found for this difference. 
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Figure 3.9. Volume size distribution plot (left panel) and output (right panel) for size characterization of ergot 
alkaloid MIP as obtained by laser diffraction analysis. D(v,0.5) represents the median, D[4,3] the mean 
volume and D[3,2] the mean surface area of the distribution. 
 
Since laser diffraction analysis of MIP showed particles of 1.78 µm and bearing in mind the 
importance of sub-micrometer ranged MIP particles for the final application, DLS analysis 
was performed as well similar to NIP characterization. An average particle diameter of 457 ± 
145 nm and 239 ± 56 nm for MIP and NIP respectively was detected. In correspondence with 
the observations for laser diffraction analysis, MIP tended to be bigger compared to NIP 
particles although no explanation could be stated. Since the particle sizes were located in 
the sub-micrometer range, these DLS data were more consistent with the proposed 
characteristics. Similar to the NIP observations, the higher particle size diameters 
determined by laser diffraction analysis could be explained due to aggregation problems 
which were intrinsically related to the technique. Specifically, particle diameters in laser 
diffraction were analyzed in water while DLS measurements were performed In ACN. As 
described above, ACN was selected as solvent to mimic the final SPE conditions in which the 
MIP will be used (see § 3.3.2.).  
 
5.2. Nuclear magnetic resonance spectroscopy analysis  
As mentioned before, NMR analysis can be used to illustrate the successful removal of 
template molecules as was illustrated by Vaihinger et al. (see Chapter 1 § 5.3.3.1.) [16]. 
However, own results showed that for metergoline imprinted MIP, 1H NMR could not be 
used to study the successful removal of the template (Figure 3.10). This contradiction could 
not be explained by the use of an excess of template in the study of Vaihinger et al., since 
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the ratio of template to functional monomer to crosslinker is similar. As shown by 1H NMR 
and indicated in the spectra, the observed difference after washing and template removal in 
the presented results for metergoline imprinted MIP was largely due to residual TRIM 
crosslinker molecules which were still present in particles that were not washed by soxhlet 
extraction (Figure 3.10).   
 A    B 
 
 C    D 
 
Figure 3.10. NMR spectra of unwashed MIP particles (A), washed MIP particles (B), trimethylolpropane 
trimethacrylate (TRIM, crosslinker) (C) and metergoline (template) (D). All samples were measured in 
deuterated-acetonitrile as solvent. The highlighted peaks in the unwashed particles and TRIM spectra 
illustrate the presence of residual TRIM molecules in unwashed particles. No NMR proof for successful 
template removal is observed. 
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5.3. Thermogravimetric analysis  
Regarding the successful use of TGA to distinguish between MIP and NIP particles, no 
consensus was found in literature (see Chapter 1 § 5.3.4.1.). Consequently, TGA analysis was 
performed for the NIP and MIP particles produced by using metergoline as a template to 
determine the usage of the TGA technique in this project. TGA results indicated only a 
difference between MIP for detection of ergot alkaloids (template metergoline) and NIP 
between 300 and 400 °C (Figure 3.11). These data suggested that MIP particles were 
thermally more stable in this temperature range. Since further experiments using the 
particles were performed at room temperature, this difference in stability at higher 
temperatures would not influence the characteristics of the particles when used in the final 
application. 
 
 
Figure 3.11. TGA analysis of NIP and MIP particles against ergot alkaloids indicating that MIP are thermally 
more stable between 300 and 400 °C. 
 
To investigate the potential role of solvent residues in the higher described MIP TGA 
characteristics, dried (12h and 24h) and non-dried (0h) MIP particles were analyzed and 
compared using TGA (Figure 3.12). The results indicated that the observed difference below 
80°C between dried and non-dried MIP particles could be ascribed to residual solvent. 
Consequently, the difference which could be seen at higher temperatures (200-400°C) 
should be related to other events than the presence of free solvent molecules. Possibly, this 
observation could be explained by solvation of the particles. When the MIP were not dried 
(0h) hardly any solvent molecules were adsorbed by the particles. The small weight loss 
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which could be noted in the beginning of the TGA curve was probably related with 
evaporation of non-adsorbed, free ACN molecules. On the contrary, the weight loss at higher 
temperatures observed in the TGA curves of the MIP which were dried for 12h or 24h could 
be related to solvated ACN molecules which were adsorbed and thus retained by the 
particles. This could explain the observed weight loss at higher temperatures since solvation 
temperatures usually exceed the boiling point as the solvent is retained by a certain 
structure. Finally, it could be stated that the thermal stability of the particles was not 
influenced by the solvation event.   
 
Figure 3.12. TGA analysis of acetonitrile (ACN, solvent) and MIP against ergot alkaloids before and after 
drying. After drying (12h, 24h), MIP particles could be solvated by ACN molecules resulting in an additional 
drop around 250 °C which does not corresponds with free ACN molecules.  
 
Similar to the possibility to distinguish between MIP and NIP particles by TGA, no consensus 
was found regarding the use of this technique to confirm the presence of template 
molecules (see Chapter 1 § 5.3.4.1.). Figure 3.13 shows TGA results for the ergot alkaloid 
MIP which indicated that a difference could be detected between MIP with template 
(unwashed) and MIP after washing. Remarkably, a difference was already observed after one 
washing step. This could not completely be ascribed to the removal of the template since LC-
MS/MS analysis showed that three washing steps were required for the sufficient removal 
thereof.  
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Figure 3.13. TGA analysis of MIP against ergot alkaloids, comparing MIP with template and MIP after  
1-2-3-4 washing steps.  
 
In order to reveal the difference between MIP particles with template and particles after 
(the first) washing step(s), TGA analysis was also performed for all components present in 
the polymerization mixture: ACN, metergoline, MAA and TRIM (Figure 3.14). Although LC-
MS/MS analysis still revealed the presence of the template after one washing step, it could 
be assumed from these TGA patterns that the drop observed in MIP with template can be 
partly correlated with the degradation of the template (Figure 3.14). Possibly, after one 
washing step the largest amount of template molecules was already removed and further 
washing reduced the concentration which was less noticeable by TGA analysis. Figure 3.14 
also shows that MAA did not contribute to the observed difference between MIP with and 
without template since the Tdeg of MAA is situated at a lower temperature. On the contrary, 
the degradation pattern of TRIM suggested that the two drops in the MIP with template 
curve could also be attributed to residual TRIM molecules which did not polymerize into MIP 
particles and disappeared after washing. Therefore, these results confirmed the NMR data 
(see § 5.2.).  
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Figure 3.14. TGA analysis of MIP against ergot alkaloids with versus without template. The selected template 
was metergoline. Methacrylic acid (MAA) and trimethylolpropane trimethacrylate (TRIM) were used as 
respectively functional monomer and crosslinker. The difference between MIP with and without template 
could possibly be related to removal of template and residual TRIM molecules. 
 
5.4. Functional characteristics of MIP for metergoline rebinding 
Equilibrium experiments were executed to investigate the binding efficiency of MIP 
compared to NIP for the template metergoline. At equilibrium, the free concentration of 
metergoline in solution and the concentration bound to the particles remain constant. The 
binding isotherms confirmed that MIP were characterized by a higher efficiency to rebind 
metergoline compared to NIP particles (Figure 3.15). The isotherm for NIP particles is related 
to non-specific binding, whereas the binding efficiency of the MIP offers the additional 
binding sites with high specificity. Negative values in the graph could be explained by 
fluctuations of the MS. Consequently, the concentration of bound metergoline appeared to 
be higher than the initial concentration which was added and resulted in a negative value. 
The above described equilibrium results were representative for repeated experiments.   
 
0
20
40
60
80
100
120
0 100 200 300 400 500 600
W
e
ig
h
t 
(%
)
Temperature (°C)
MIP with template
MIP without template
Metergoline
Methacrylic acid
Trimethylolpropane
trimethacrylate
CHAPTER 3 – MIP PRODUCTION AND CHARACTERIZATION 
 
100   
 
 
Figure 3.15. Binding isotherms for metergoline rebinding by MIP and NIP particles. MIP were able to rebind 
the template more efficiently compared to the NIP. The results are shown for one representative 
experiment.  
 
Subsequently, the MIP binding isotherm was transformed through the Scatchard equation 
((B/[F]) = (Bmax – B) / KD) (see Chapter 1 § 5.3.5.1.) (Figure 3.16). After transformation, the 
maximal available binding sites and dissociation constants could be calculated and are 
outlined in Table 3.3. Two linear ranges could be distinguished within the MIP particles: (i) 
MIP high represents the binding sites with higher affinity and (ii) MIP low the binding sites 
with lower affinity. Particles within the MIP high range had a lower dissociation rate and 
were present in smaller amounts than MIP low particles. Remarkably, NIP particles showed 
negative values. This was consistent with the results obtained for the binding isotherm of 
NIP since these values were all close to zero which also indicated the low amount of non-
specific binding. As mentioned above, these negative values can be related with fluctuations 
of the MS. When comparing the above described functional characterization data for the 
sub-micrometer sized MIP in this study to earlier reported MIP for metergoline with an 
average size of 30 µm as determined by laser diffraction analysis [2], the values for both Bmax 
and KD were lower. Possibly, the lower KD values were related to the particle size since 
smaller particles have a bigger surface-to-volume ratio which could be correlated with the 
higher affinity compared to the bigger particles. The lower Bmax values indicated that the 
absolute amount of maximum binding sites in smaller particles was lower compared to the 
bigger ones. Additionally, the difference between MIP high and low with respect to KD, was 
much bigger for the sub-micrometer MIP, whereas for Bmax the difference was comparable. 
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However, for these last observations no explanation could be formulated. The above 
described Scatchard analysis results were representative for repeated experiments.  
 
 
Figure 3.16. Scatchard plot analysis for metergoline rebinding by MIP and NIP particles. MIP were able to 
rebind the template more efficiently compared to the NIP. MIP particles could be divided in two groups: high 
and low affinity MIP. The results are shown for one representative experiment. 
 
 
Table 3.3. Dissociation constants (KD) and maximal amount of binding sites (Bmax) derived from the Scatchard 
analysis. The results are shown for one representative experiment. 
Particle type Bmax (µmol/g) KD (µM) 
MIP high 1.99 0.2919 
MIP low 8.05 38.9 
NIP -1.81 -263.7 
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5.5. Functional characteristics of MIP for ergot alkaloids rebinding 
Recovery experiments for ergot alkaloids were performed with the above developed MIP 
(see § 4.2.). As a reference, the obtained rebinding percentages were compared to those 
previously obtained for bigger MIP particles [2]. More specifically, ergot alkaloid recovery 
percentages of at least 56 – 79 % were pursued [2]. First, the porogen ACN was applied as 
loading solvent which led to recoveries ranging from 21.82 ± 5.19 % to 54.86 ± 13.21 % for 
MIP and 28.03 ± 2.90 % to 42.15 ± 4.19 % for NIP (Figure 3.17A). Only for Em(n), Et(n) and 
Ecr(n) the MIP recoveries were higher compared to NIP. However, no significant differences 
could be observed. To optimize these results, recoveries were tested by using an 
ACN/[KH2PO4/Na2HPO4]-buffer pH7 (80/20) loading solvent which was previously used in 
MISPE for ergot alkaloids [2]. For all ergot alkaloids, MIP percentages were higher compared 
to NIP (Figure 3.17B). However, these differences were not significant since for most ergots a 
large variation was noted. Consequently, further optimization of the recovery protocol was 
desired. Since the pKa values of the N6 position of the ergot alkaloids ranges from 5.5-6.0 for 
the R-forms and from 4.8-6.2 for the S-forms, these molecules are positively charged in 
acidic conditions and neutral at higher pH [17]. Therefore, recoveries were also tested with 
ACN/[KH2PO4/Na2HPO4]-buffer pH5 (80/20) and ACN/[KH2PO4/HCl]-buffer pH3 (80/20) 
loading solvents which could result in more enhanced interactions between MIP and ergot 
alkaloids due to the charged state. When using the loading solvent based on a pH5 buffer, 
for all components the MIP recovery percentages were higher compared to those for NIP but 
only a significant difference could be observed for Em(n) (p < 0.05) (Figure 3.17C). However, 
no absolute recovery value exceeded 34.89 % which was lower as expected for recovery 
experiments. On the contrary, in case the pH3 buffer was used in the loading solvent, MIP 
recoveries of 48.93 ± 6.73 % for Em(n), 46.35 ± 6.69 % for Eco(n) and 45.06 ± 2.65 % for 
Ecr(n) were obtained which were significantly higher compared to the corresponding NIP 
particles (p < 0.05) (Figure 3.17D). For Et (n), Es(n) and Ekr(n) the difference between MIP 
and NIP was not significant as for the other ergot alkaloids (p > 0.05). However, also for 
these two compounds the absolute recovery values for MIP were higher compared to NIP.   
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 A    B 
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Figure 3.17. Recovery percentages (%) for ergot alkaloid rebinding by MIP and NIP particles using different 
loading solvents: ACN (top-left), ACN/[KH2PO4/Na2HPO4]-buffer pH7 (80/20) (top-right), 
ACN/[KH2PO4/Na2HPO4]-buffer pH5 (80/20) (bottom-left) and ACN/[KH2PO4/HCl]-buffer pH3 (80/20) 
(bottom-right). Results represent an average of three samples whereas the error bars represent the standard 
deviations. Significant differences between MIP and NIP could be noted for Em(n) when using  
ACN/[KH2PO4/Na2HPO4]-buffer pH5 and for Em(n), Eco(n) and Ecr(n) when using ACN/[KH2PO4/Na2HPO4]-
buffer pH3 (p < 0.05).  
 
In summary, the recovery values were the most optimal when ACN/[KH2PO4/HCl]-buffer pH3 
(80/20) was used as loading solvent. However, the initially targeted 56 – 79 % was not 
achieved [2]. A possible explanation for the smaller recovery values compared to this earlier 
published research is related with the practical execution of the experiments. Since MilliQ 
water was used as washing solvent for the nanoparticles, aggregation thereof was observed 
as was also experienced earlier in laser diffraction analysis (see § 3.3.2. and 5.1.). Possibly, 
this particle aggregation could result in an inadequate removal of the spiked ergot alkaloids 
and thus lower recovery percentages. Since currently only one study was published 
concerning the development of MIP for ergot alkaloids [2], the results within this PhD work 
were also compared to the MIP recovery values obtained for other mycotoxins. For example, 
MIP for the detection of fumonisins, T2-toxin and citrinin resulted in recovery values of 62-
86 % [1], 60-73 % [3] and 94-98 % [18] respectively. All these values exceeded the maximally 
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obtained 48.93 ± 6.73 % for the ergot alkaloids by using the ACN/[KH2PO4/HCl]-buffer pH3 
(80/20). Remarkably, these studies generally calculated the recovery values by an MISPE 
column which was not possible for the sub-micrometer sized MIP since they could pass 
through the FRITS-filters used in SPE. Possibly, comparing the recovery values should be 
performed with caution due to differences in the experimental conditions. However, based 
on these state-of-the-art recovery values, it is proposed to work towards a minimum ergot 
alkaloid rebinding percentage of 60 % in future research steps and optimization of the MIP 
recognition elements.   
 
6.  Conclusion  
 
MIP are produced and applied in various fields as alternative synthetic recognition elements. 
Diverse imprinting mechanisms and polymerization techniques exist, all resulting in particles 
with their own specific characteristics. Depending on the desired application, different 
combinations of reagents are possible to obtain MIP. This research aimed to use sub-
micrometer sized MIP for immobilization in scaffolds. Additionally, since spherical MIP 
particles are desired to obtain an efficient packing in columns [19], it can be anticipated that 
this characteristic is also recommended for an efficient immobilization in the 3D scaffold as 
final application of this research. Consequently, spherical sub-micrometer sized MIP particles 
for the detection of ergot alkaloids were produced by using metergoline as template and 
performing precipitation polymerization. These MIP particles were applied for 
demonstrating several characterization techniques. More specifically, morphological, 
chemical, thermal and functional techniques for characterization of MIP particles were 
covered. These techniques are complementary and can be used as such or in parallel. 
However, it should be noted that the successful use and applicability of a certain 
characterization technique is highly dependent on the specific template and MIP 
compositions applied within a specific research topic. For example, the confirmation of 
successful removal of template molecules and distinction between MIP and NIP by TGA or 1H 
NMR has been described (see Chapter 1 § 5.3). However, in case of metergoline and the 
herein presented MIP and NIP particles this was not the case. Another important aspect 
which determines the successful use of a certain characterization technique is related to the 
actual conditions in which the measurements are performed. For example, when analyzing 
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the ergot alkaloid MIP in water by laser diffraction, aggregation problems could be observed 
which was not the case when performing DLS analysis in ACN. Consequently, the outcome of 
several analysis techniques described above, clearly stresses the importance of combining 
multiple characterization techniques to get full insight into the structure of MIP and their 
binding phenomena.  
 
With respect to the functional characteristics of the particles, it can be concluded that MIP 
were able to rebind the metergoline template more specifically compared to NIP particles as 
could be observed from both the binding isotherms and the scatchard analysis. On the 
contrary, recovery percentages for ergot alkaloids were not as high as expected with a 
maximum value of 48.93 ± 6.73 % when using ACN/[KH2PO4/HCl]-buffer pH3 (80/20) as 
loading solvent. Since these recoveries were lower compared to other MIP developed for 
mycotoxin analysis, it was suggested to target minimal recovery percentages of 60 % based 
on the state-of-the-art for mycotoxin binding MIP [1-3, 18]. These observations indicate that 
optimization of the polymerization protocol is required in order to obtain higher percentages 
for the ergot alkaloid rebinding. Despite the low rebinding characteristics for the ergot 
alkaloids, the sub-micrometer sized spherical MIP particles which were obtained within this 
project, were applied for immobilization onto surfaces (Chapter 4) and 3D structures 
(Chapter 5).   
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1. Introduction 
 
Molecularly imprinted polymers (MIP) are often used as recognition elements for the 
detection of several molecules such as mycotoxins. As described in Chapter 1 concerning 
mycotoxin analysis, the generally used solid phase extraction (SPE) methods for sample 
preparation are characterized by some drawbacks. To deal with these issues and the need 
for new performant SPE applications, MIP particles will be immobilized onto carrier 
structures. In this respect, poly-ε-caprolactone (PCL) was selected as substrate to immobilize 
the MIP particles since it is characterized by a limited solubility in ACN and therefore 
compatible with the solvents which will be applied in the final application for detection of 
ergot alkaloids. Additionally, PCL is not toxic, non-expensive, the characteristics are well-
known and this polymer provides a sufficient rigidity. Moreover, proof-of-concept 
experiments for immobilization of NIP on PCL were present [1]. Unfortunately, no functional 
groups are present on PCL polymers which are suitable to be used for the hereafter 
proposed immobilization process. [2, 3] To immobilize MIP particles on PCL substrates, 
hydrogel building blocks can be used. Since earlier proof-of-concept experiments indicated 
the successful use of Pluronic® F127 bismethacrylate (PF127-BMA) for immobilization of MIP 
particles on PCL substrates, these building blocks were selected within this PhD work. In 
general, this project aimed to immobilize MIP particles by means of (PF127-BMA) hydrogel 
building blocks on 3D (PCL) scaffolds for the development of a new MISPE type. However, 
optimization and analysis are more easy to perform on 2D substrates since more 
characterization techniques are available. Therefore, particles were first immobilized onto 
2D PCL surfaces. After optimization of the 2D immobilization, the optimal reaction 
conditions will be transferred towards 3D scaffolds. Within this chapter, the optimization of 
the particle immobilization process on 2D surfaces is discussed.     
 
2.  Materials and experimental setup 
 
2.1. Materials and reagents 
Tetrahydrofuran (THF), Pluronic® F127 (PF127), ammonium persulfate (APS) 98+ % A.C.S. 
reagent and poly-ε-caprolactone (PCL) 80000 g/mol were supplied by Sigma-Aldrich 
(Bornem, Belgium). N,N,N’,N’-Tetramethylethylenediamine (TEMED) 99 % was acquired 
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from Acros Organics (Geel, Belgium). Acetonitrile (Analar Normapur) (ACN) was purchased 
from VWR International (Leuven, Belgium). Ultrapure MilliQ water was obtained by a Milli-Q 
gradient system of Millipore (Brussels, Belgium). Pluronic® F127 bismethacrylate (PF127-
BMA) was produced as earlier described [4]. 
  
2.2. Experimental setup 
2.2.1. Production of Pluronic® F127 bismethacrylate hydrogel building blocks 
Under water-free conditions, 250 g of PF127 was dissolved in 500 ml distilled toluene, 
followed by drying with a Dean-Stark setup for 2 hours at 130°C. Next, 22.08 ml distilled TEA 
and 3.301 mg 4-tert butyl catechol were added under nitrogen atmosphere and the solution 
was placed in an ice bath. Next, 15.38 ml methacryloyl chloride was added dropwise. This 
solution reacted overnight and afterwards the unreacted methacryloyl chloride and TEA 
were removed under vacuum at 30-35°C. Subsequently, TEA-hydrochloride salts were 
removed through filtering over celite after which the filtrate was concentrated by 
evaporation using the rotavapor at 40-50°C until half of the toluene remained. Final 
purification was achieved by precipitation in excess of cooled pentane (400 ml). The white 
precipitate was then washed with 100 ml cooled diethylether and dried overnight on a filter. 
Remaining solvent molecules were removed under vacuum by the oil pump. The PF127-BMA 
used in further experiments was characterized with a DS of 87 % and was defined as an 
A(101) – B(58) – A(101) block copolymer. 
 
2.2.2 Production of 2D poly-ε-caprolactone substrates 
2D substrates for MIP immobilization were obtained by spincoating PCL on glass slides. Prior 
to spincoating, a 4 w% solution of PCL in THF was stirred overnight at room temperature. 
Subsequently, glass slides (diameter 15 mm) were placed inside the spincoater (SPIN150, 
SPS-Europe, Putten, The Netherlands). The PCL solution (70 µl) was spincoated under 
vacuum for 1’ at 3000 rpm and 1000 R/sec2. Finally, the glass slides were dried in a vacuum 
oven at 40°C for 12h.  
 
2.2.3. Immobilization of NIP/MIP by Pluronic® F127 bismethacrylate building blocks 
The protocol for NIP/MIP particle immobilization onto 2D PCL by using PF127-BMA hydrogel 
building blocks will be described in more detail further in this chapter (see § 3.1.-3.3.). 
CHAPTER 4 – 2D MIP IMMOBILIZATION AND CHARACTERIZATION  
113 
 
Hereto, different amounts of PF127-BMA were used to obtain hydrogel building block 
concentrations ranging from 5 to 25 w% (Table 4.1).  
 
Table 4.1. Overview of different hydrogel building block solutions and corresponding amounts of  
PF127-BMA macro-monomers. 
Hydrogel building block solution (w%) PF127-BMA macro-monomers (mg) 
5 52.6 
7.5 81.1 
10 111.1 
11 123.6 
12 136.4 
13 149.4 
14 162.8 
15 176.5 
20 250.0 
25 333.3 
 
 
2.2.4 Characterization of NIP/MIP on 2D PCL  
Several of the described methods in Chapter 1 (see § 5.3.2.1. and 5.4.3.) were used to 
characterize 2D PCL surfaces in order to optimize the MIP immobilization process. The 2D 
surfaces were characterized by SEM (Phenom desktop device, Eindhoven, The Netherlands), 
static contact angle (SCA) measurements (OCA 20, Dataphysics, Filderstadt, Germany) and 
depth profiling (Contour GT-I 3D optical microscope, Bruker Corporation, Tucson, Arizona, 
USA). Prior to SEM analysis, surfaces were exposed to vacuum and subsequently gold 
sputtered. Water contact angles were determined by using the sessile drop method and the 
Laplace-Young fitting. On each sample three measurements were performed and all samples 
were analyzed in triplicate. Depth profiling was also performed on triplicate samples and on 
each sample measurements were taken in the middle and near the edge of the glass slides. 
Depth differences on the surface were calculated and visualized with color scales by the 
software. The vertical resolution was 3 nm. For some characterization data, statistical 
analysis was performed by the non-parametric Mann-Whitney U test (SPSS version 23, IBM, 
New York, USA). A p-value < 0.05 was considered as statistically significant. 
 
2.2.5. Sol-gel tests for hydrogel characterization 
Hydrogels were prepared in triplicate according to the same protocol as will be described for 
NIP and MIP 2D immobilization (see § 3.2. and 3.3.). The hydrogels were placed for 3h at 
37°C. Next, each gel was cut in three parts and freeze-dried overnight. The dry samples were 
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weighed (= W(d0)) and 10 ml MilliQ water was added. After 24h at 4°C, the water was 
removed and the samples were again freeze-dried overnight. Once again, the dried gels 
were weighed (=W(d1)) and finally the sol and gel fractions were calculated:  
(i)  Gel fraction = (W(d1)/W(d0)) * 100%  
(ii)  Sol fraction = 100% - gel fraction 
 
3.  Immobilization and characterization of MIP on 2D PCL substrates 
 
3.1. NIP immobilization by 20 w% PF127-BMA in MilliQ 
To optimize particle immobilization on 2D PCL by PF127-BMA, NIP particles were used to 
minimize template costs and to speed up the process. The first experiments were based on 
earlier proof-of-concept results in which a 20 w% PF127-BMA hydrogel building block 
solution (0.25 g PF127-BMA in 1 ml MilliQ water) was prepared [1]. Next, 20 µl of APS (1 M in 
MilliQ) and 20 µl of TEMED (1 M in MilliQ) were added together with 75 mg NIP. 
Additionally, a control hydrogel building block solution was prepared in which no NIP were 
added. The whole reaction took place in MilliQ water. Since PCL lacks the adequate 
functional groups, argon plasma treatment (30s, 100W, 0.8 mbar) of the 2D PCL substrates 
was required to obtain more reactive surfaces for further immobilization (Figure 4.1). After 
10 minutes of exposure to air, 70 µl of the above described hydrogel-APS-TEMED solution 
with or without NIP particles was spincoated (1’, 3000 rpm) on the 2D PCL glass slides. 
During spincoating, the hydrogel building block solutions were kept on ice. After spincoating, 
samples were incubated for 3h at 37°C, followed by 12h at 30°C in the vacuum oven. The 
final glass slides were kept at 4°C. 
 
Figure 4.1. Reactive groups introduced on the PCL surface by argon plasma treatment and exposure to air. 
 
SCA measurements of glass slides covered with PCL, PCL 20 w% PF127-BMA and PCL 20 w% 
PF127-BMA NIP are displayed in Figure 4.2. Each value represents an average of three 
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measurements for each of three samples. Additionally, boxplot analysis is shown in Figure 
4.3. The PCL covered glass slides showed an average contact angle of 85.7 ± 1.6° due to the 
hydrophobic character of PCL. After immobilization of a hydrogel layer, the surface became 
more hydrophilic which resulted in an average 64.4 ± 3.8° angle of the PCL-hydrogel surfaces 
and a significant difference compared to the unmodified PCL surfaces (p < 0.001). These data 
were a first indication for the efficient deposition of a PF127-BMA hydrogel layer on the 2D 
PCL surfaces. Additionally, the average contact angle of the PCL-hydrogel-NIP surfaces 
seemed not to differ strongly from the hydrogel control surfaces and was calculated as 59.1 
± 4.6° (Figure 4.2). However, the PCL-hydrogel-NIP surfaces did significantly differ from both 
the unmodified PCL and PCL-hydrogel surfaces (p < 0.05) (Figure 4.3). For both PCL-hydrogel 
and PCL-hydrogel-NIP surfaces, a larger variation was observed between samples as well as 
on one certain sample. Consequently, this indicated a non-homogeneous immobilization. 
Additionally, aggregates of NIP particles could already be noticed visually on the surfaces 
which was also confirmed by SEM analysis (Figure 4.4 (C-F)). In general, it could be stated 
that the principle of particle immobilization on 2D PCL glass surfaces by using the PF127-
BMA hydrogel building blocks was successful. However, optimization is required to obtain a 
more homogenous particle distribution.  
 
 
Figure 4.2. Static contact angle measurements (SCA) of PCL, PCL 20 w% PF127-BMA and PCL 20 w% PF127-
BMA NIP 2D surfaces. The solutions in MilliQ water were neither sonicated nor stirred. Values represent an 
average of three independent samples on which three measurements were performed. The error bars 
represent the standard deviations. Significant differences were observed between all groups (p < 0.05). 
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Figure 4.3. Boxplot analysis of the static contact angle (SCA) data of PCL, PCL 20 w% PF127-BMA and PCL 20 
w% PF127-BMA NIP 2D surfaces. The solutions in MilliQ water were neither sonicated nor stirred. Results 
represent an average of three independent samples on which three measurements were performed. 
Significant differences were observed between all groups (p < 0.05). 
 
 
Optical microscopy and SEM analysis were performed to confirm the visual aggregation of 
the particles. Figure 4.4 shows images of glass slides spincoated with PCL (A), PCL 20 w% 
PF127-BMA (B) and PCL 20 w% PF127-BMA NIP (C-F). Similar to the SCA results, microscopy 
images of the PCL 20 w% PF127-BMA surfaces with and without NIP showed heterogeneous 
immobilization in which NIP particles were clearly aggregated. When investigating the NIP 
aggregates in more detail, the spherical characteristics of the particles were confirmed once 
more.     
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Figure 4.4. Optical microscopy and scanning electron microscopy (SEM) images of glass slides spincoated 
with PCL (A), PCL 20 w% PF127-BMA (B) and PCL 20 w% PF127-BMA NIP (C-F). The solutions in MilliQ water 
were neither sonicated nor stirred. Heterogeneous immobilization of PF127-BMA with and without particles 
was observed, as well as NIP aggregation.  
 
In order to deal with the aggregation of the particles, the immobilization protocol was 
adapted in which the same parameters were used as described above. However, NIP 
particles were sonicated in half of the MilliQ water volume before adding these to the 
hydrogel building block solution to minimize aggregation. SCA results in Figure 4.5 show 
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average values of three measurements for each of three samples. PCL 20 w% PF127-BMA 
surfaces without and with NIP were characterized by similar contact angles of 47.8 ± 4.2° 
and 47.7 ± 4.4° respectively (p > 0.05). Together with less visual aggregation, these data 
indicated a more homogeneous immobilization. However, SEM images revealed the 
presence of aggregates which were not visually detectable (Figure 4.6). The SEM image 
depicted in Figure 4.6 was representative for the entire surface. To further investigate the 
efficiency of the immobilization by PF127-BMA, AFM images were generated in which the 
surface roughness clearly decreased when a hydrogel layer was present on PCL and 
increased again when NIP particles were present as well (Figure 4.7). Consequently, although 
the immobilization was successful, the protocol still needed further optimization on top of 
the prior sonication of the particles.    
 
Figure 4.5. Static contact angle (SCA) measurements of 2D PCL, PCL 20 w% PF127-BMA and PCL 20 w% PF127-
BMA NIP surfaces. The solutions in MilliQ water were sonicated when particles were present, without 
stirring. Values represent an average of three independent samples on which three measurements were 
performed. Error bars represent the standard deviations. No significant difference was observed (p > 0.05). 
 
 
Figure 4.6. Scanning electron microscopy (SEM) image of a glass slide spincoated with PCL 20 w% PF127-BMA 
NIP revealing particle aggregation. The solution in MilliQ water was sonicated but not stirred. 
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Figure 4.7. Atomic force microscopy (AFM) images of glass slides spincoated with PCL (A), PCL 20 w% PF127-
BMA (B), PCL 20 w% PF127-BMA NIP (C). The solutions in MilliQ water were sonicated  
when particles were present, without stirring.  
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3.2. NIP immobilization by 20 w% PF127-BMA in ACN/MilliQ  
Particles which were used for immobilization contained TRIM as crosslinker which resulted in 
hydrophobic particles. Since the above described process used 100 % MilliQ water for 
preparing the hydrogel building block-NIP solution, this could possibly explain the 
aggregation problem. Ideally, NIP would be present in ACN in which they were produced to 
minimize their aggregation behavior. Therefore, it was tested if hydrogel networks were still 
formed and remained stable when PF127-BMA macro-monomers were suspended in 100 % 
ACN, a 50/50 mixture of ACN/MilliQ water and 100 % MilliQ water as positive control. 
Hereto, a 20 w% PF127-BMA solution was prepared in 1 ml ACN, 0.5 ml MilliQ water and 1 
ml MilliQ water respectively. To all solutions, 20 µl of APS (1 M in MilliQ) and 20 µl of TEMED 
(1 M in MilliQ) were added. Additionally, 0.5 ml ACN was added to the 0.5 ml MilliQ water to 
obtain a 50/50 ratio. Subsequently, all hydrogel building block solutions were incubated for 
3h at 37°C.  
 
PF127-BMA macro-monomers were not able to form a hydrogel network in presence of 
100 % ACN. Possibly, the functional groups of the macro-monomers were not sufficiently 
reactive in ACN which could inhibit the polymerization reaction or APS and TEMED were not 
able to sufficiently initiate the reaction. On the contrary, hydrogel networks were formed 
when a 50/50 ACN/MilliQ solution was used. Together with the hydrogels formed in 100 % 
MilliQ, these hydrogels were characterized by sol-gel tests to study their stability. Each 
hydrogel was prepared in threefold and each gel was divided in three parts. No significant 
distinction was observed between the sol and gel fractions of the networks prepared in 
50/50 ACN/MilliQ and 100 % MilliQ (p > 0.05). Gel fractions of respectively 85.7 ± 5.0 % and 
84.3 ± 1.7 % were obtained as illustrated in Figure 4.8. Since the presence of 50 % ACN did 
not alter the gel formation characteristics of the hydrogel monomers and MIP/NIP particles 
can be more easily suspended in ACN, it was decided to prepare all hydrogel building block-
MIP/NIP solutions for further immobilization experiments in 50/50 ACN/MilliQ.  
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Figure 4.8. Sol/gel fractions of 20 w% PF127-BMA networks prepared in 50/50 ACN/MilliQ and 100% MilliQ 
without stirring. Values represent an average of three independent experiments in which each gel was 
divided in three parts. The error bars represent the standard deviations.  
No significant differences were observed (p > 0.05). 
 
Based on the above described results, 75 mg NIP were suspended in the 0.5 ml ACN fraction 
by sonication. Simultaneously, the 20 w% PF127-BMA solution was prepared in 0.5 ml MilliQ 
water and 20 µl of APS (1 M in MilliQ) and 20 µl of TEMED (1 M in MilliQ) were added. 
Subsequently, the 0.5 ml ACN-NIP solution was added to the 0.5 ml Milli Q water solution to 
obtain a 50/50 ratio. For control samples in which no NIP were added, 0.5 ml ACN was added 
to the MilliQ fraction. Prior to immobilization, 2D PCL substrates were treated with argon 
plasma (30s, 100W, 0.8 mbar). After 10 minutes of exposure to air, 70 µl of the above 
described hydrogel building block-APS-TEMED solution with or without NIP particles was 
spincoated (1’, 3000 rpm) on the 2D PCL glass slides. During spincoating, the hydrogel 
building block solutions were kept on ice. After spincoating, samples were incubated for 3h 
at 37°C, followed by 12h at 30°C in the vacuum oven. The final glass slides were kept at 4°C. 
 
SCA analysis of 2D PCL substrates coated with a 20 w% PF127-BMA solution prepared in 
50/50 ACN/MilliQ confirmed the presence of the hydrogel layer since a significant decrease 
in contact angle from 89.7 ± 3.7° for PCL to 62.0 ± 1.6° for PCL-hydrogel was observed (p < 
0.001) (Figure 4.9). Remarkably, when NIP particles were added, the hydrophobicity 
increased again significantly up to 85.5 ± 2.3° (p < 0.001). This effect could be explained by 
the hydrophobic character of the particles since SCA measurements were performed on 
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visually detectable particle aggregates. In between the aggregates, the surface exhibited the 
same characteristics as a surface with only a hydrogel layer on top of the PCL coated surface. 
Additionally, SEM images showed the presence of aggregates and potential ‘skin formation’ 
by the hydrogel layer covering the particles (Figure 4.10). Furthermore, depth profiling 
analysis confirmed the finding that no homogenous immobilization was obtained (Figure 
4.11). An average depth difference of 422 nm, 146 nm and 919 nm was calculated for the 
PCL, PCL 20 w% PF127-BMA and PCL 20 w% PF127-BMA NIP surfaces respectively. Depth 
profiles shown in Figure 4.11 indicate a rough PCL surface which became smoother after 
hydrogel immobilization and again rougher when NIP particles were present. Additionally, 
NIP particles were clearly present as aggregates on the surface since the maximal depth 
difference on the PCL 20 w% PF127-BMA NIP surface was 21.5 µm instead of 7 µm and 1.5 
µm for PCL and PCL 20 w% PF127-BMA respectively. As mentioned before, the presence of 
these aggregates could explain the high contact angle of the PCL 20 w% PF127-BMA NIP 
surfaces. In case the water drops on top of such a hydrophobic aggregate, this can highly 
influence the contact angle. In summary, no sufficient homogeneous immobilization was 
achieved.  
 
 
Figure 4.9. Static contact angle (SCA) measurements of 2D PCL, PCL 20 w% PF127-BMA and PCL 20 w% PF127-
BMA NIP surfaces. The solutions in 50/50 ACN/MilliQ water were sonicated when particles were present, 
without stirring. Values represent an average of three independent samples on which three measurements 
were performed. The error bars represent the standard deviations. Significant differences were observed 
between both PCL and PCL 20 w% PF127-BMA NIP surfaces compared to PCL 20 w% PF127-BMA surfaces (p < 
0.05). 
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Figure 4.10. Scanning electron microscopy (SEM) images of glass slides spincoated with PCL 20 w% PF127-
BMA NIP. The solutions in 50/50 ACN/MilliQ water were sonicated but not stirred. Arrows indicate examples 
of potential ‘skin formation’ by the hydrogel layer covering the NIP particles. 
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Figure 4.11. Depth profiling images (10x 2) with an average depth difference of 422 nm for a PCL surface (A), 
146 nm for PCL 20 w% PF127-BMA (B) and 919 nm for PCL 20 w% PF127-BMA NIP (C) surfaces. The solutions 
in 50/50 ACN/MilliQ water were sonicated when particles were present, without stirring.  
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To maximize suspension of NIP/MIP particles in the final hydrogel building block solution, 
the solution was stirred prior to spincoating on 2D PCL substrates to obtain a homogeneous 
distribution on the surface and a much smaller effect of the particles on the contact angle 
according to their sub-micrometer size. Therefore, it was investigated by sol-gel tests 
whether the stirring process influenced the hydrogel network characteristics. Gel fractions 
displayed in Figure 4.12 ensured no disturbance of the formation of PF127-BMA networks by 
the stirring process and presence of NIP since no significant differences could be noted (all 
p > 0.05). For example, gel fractions of 85.9 ± 2.7 % and 81.1 ± 4.0 % were obtained for non-
stirred 20 w% PF127-BMA and stirred 20 w% PF127-BMA NIP respectively. Since stirring of 
the hydrogel building block-NIP solution prior to immobilization had no negative influence 
on the hydrogel network and could possibly lead to a more homogeneous distribution, 
stirring was included in the final protocol for MIP immobilization.  
 
 
 
Figure 4.12. Sol/gel fractions of 20 w% PF127-BMA networks prepared in 50/50 ACN/MilliQ in which the 
hydrogel is prepared with or without stirring and with or without NIP particles. Values represent an average 
of three independent experiments in which each gel was divided in three parts. The error bars represent the 
standard deviations. No significant differences were observed (p > 0.05). 
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3.3. Selection of optimal PF127-BMA concentration for MIP immobilization  
3.3.1.  Introduction 
As can be noted from the SEM images of the 20 w% PF127-BMA concentration (Figure 4.10), 
‘skin formation’ due to the hydrogel layer can possibly occur which could cover the MIP 
particles making them unreachable for rebinding with analyte molecules. Therefore, 
different PF127-BMA concentrations were tested by using the above described optimized 
MIP immobilization process.  
 
3.3.2.  Final process for immobilization of MIP on 2D PCL  
PF127-BMA macro-monomers were dissolved in 500 µl degassed MilliQ water, whereas 75 
mg of MIP particles were suspended in 500 µl degassed ACN. Prior to immobilization, the dry 
PCL spincoated glass slides were exposed to argon plasma for 30s at 100W and 0.8 mbar. 
Next, the samples were exposed to air for 10 min. Simultaneously, the MIP solution was 
added to the aqueous hydrogel phase under stirring, together with 20 μl of an APS and 
TEMED solution, both 1 M in degassed MilliQ water. After 10’ exposure to air, 70 µl of the 
polymer-hydrogel building block solution was spincoated on the plasma-treated PCL glass 
slides (4°C, 1’, 3000 rpm). Finally, the samples were placed at 37°C for 3h and subsequently 
kept overnight at 30°C in the vacuum oven. Hydrogel control samples without particles in 
which 500 µl of pure ACN was added to the aqueous phase, followed the same protocol.     
 
3.3.3.  Determination of optimal PF127-BMA concentration in ACN/MilliQ  
Based on MIP immobilization by PF127-BMA hydrogel building blocks on PCL spincoated 
glass slides, the optimal hydrogel building block concentration for MIP immobilization was 
investigated. In a first step, the efficiency of the hydrogel immobilization process was 
verified by SCA measurements. Figure 4.13 confirms for all concentrations that significantly 
lower contact angles were obtained when the PF127-BMA solution was spincoated on a PCL 
surface compared to unmodified PCL (all p < 0.05). Consequently, one could state that 
PF127-BMA solutions of different concentrations were all successfully immobilized. 
However, the presence or absence of MIP particles was not related to differences in contact 
angle values which could imply a more homogeneous immobilization of the particles. This 
was in contrast with the previous SCA observations (see § 3.2.) in which a significant increase 
in contact angle between PF127-BMA surfaces with and without particles was observed, 
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possibly due to the non-homogeneous distribution of the particles. More specifically, in the 
previous SCA analysis measurements were performed on visible aggregates whereas in this 
experiment no aggregates could be noted visually. Consequently, a more homogeneous 
distribution of the particles could be concluded.       
 
 
Figure 4.13. Static contact angle (SCA) values of PCL and different PF127-BMA hydrogel concentrations with 
or without MIP particles. Values represent an average of three independent samples on which three 
measurements were performed. The error bars represent the standard deviations. Significant differences 
were observed between all PF127-BMA surfaces with and without MIP compared to PCL surfaces (p < 0.05). 
 
With respect to the selection of an optimal concentration for MIP immobilization, both 5 and 
25 w% PF127-BMA solutions were excluded based on viscosity issues. More specifically, to 
obtain an immobilized hydrogel layer which homogeneously covers the surface, a too low (5 
w%) or too high (25 w%) viscosity would be detrimental and was therefore eliminated. 
Another important aspect is the accessibility of the MIP particles embedded in the hydrogel. 
In case the hydrogel would cover the MIP completely, particles become unavailable for 
interacting with target analytes. Therefore, SEM and depth profiling analyses were 
performed. The former provides a visual evaluation of the availability of MIP particles; the 
latter supplies surface roughness values and maps. Figures 4.14-4.18 show SEM and depth 
profiling examples of unmodified PCL, 7.5 w% and 14 w% PF127-BMA concentrations with 
and without MIP particles; whereas an overview of all surface roughness parameters is 
depicted in Figure 4.19. When a glass surface was spincoated with PCL, the surface appeared 
to be rough due to the spincoating process with an average depth difference of 342 ± 98 nm. 
On the contrary, when a hydrogel layer was added, the roughness decreased and 
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subsequently increased again when MIP were present (all p < 0.05) (Figure 4.19). The larger 
deviation within the average depth differences of MIP immobilized samples could be 
explained by a less homogeneous distribution compared to only a PF127-BMA layer, which 
could be due to the spincoating protocol. However, for this application the process resulted 
in a sufficient homogeneous immobilization of the MIP particles. As depicted in Figure 4.18, 
the 14 w% PF127-BMA concentration sample showed that MIP were located more inside the 
hydrogel layer and thus particles could be less accessible for binding target analytes. The 
same was observed for several hydrogel concentrations equal to or above 12 w%. Therefore, 
based on these accessibility issues, all concentrations equal to and above 12 w% were 
eliminated from this study. The difficulties which arose above 12 w% could be related to 
gelation at room temperature which occurred around a 12-13 w% PF127-BMA 
concentration. Additionally, it is advantageous to work with concentrations as low as 
possible to reduce material and costs. Therefore, the 7.5 and 10 w% concentrations were 
selected for further investigation. A final parameter which was examined was the 
preservation of the hydrogel characteristics when particles were added, since MIP should 
not disturb the hydrogel network. Consequently, hydrogel network characteristics were 
studied by sol-gel tests. Both 7.5 and 10 w% PF127-BMA hydrogels did not encounter 
negative influences on the hydrogel network in presence of MIP (Figure 4.20) (p ≥ 0.05). 
Remarkably, the 7.5 w% network even seemed to be stabilized by the presence of the MIP 
particles (Figure 4.20). More specifically, without the presence of MIP a gel fraction of 65.3 ± 
2.2 % was achieved, whereas this increased to 87.4 ± 1.3 % when MIP were added to the 
network (p = 0.05). Consequently, both 7.5 and 10 w% PF127-BMA could possibly be used 
for transfer to the 3D application. However, as mentioned before, preferably as less material 
as possible is used which resulted in selection of the 7.5 w% PF127-BMA concentration for 
further research.   
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Figure 4.14. Scanning electron microscopy (SEM) (A) and depth profiling (10x 2) (B) of a PCL surface with an 
average depth difference of 374 nm. 
 A   B 
 
Figure 4.15. Scanning electron microscopy (SEM) (A) and depth profiling (10x 2) (B) with an average depth 
difference of 158 nm of PCL surface coated with 7.5 w% hydrogel layer, without MIP. 
          A         B 
 
Figure 4.16. Scanning electron microscopy (SEM) (A) and depth profiling (10x 2) (B) with an average depth 
difference of 635 nm of PCL surface coated with 7.5 w% hydrogel layer, with MIP. 
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Figure 4.17. Scanning electron microscopy (SEM) (A) and depth profiling (10x 2) (B) with an average depth 
difference of 141 nm of PCL surface coated with 14 w% hydrogel layer, without MIP. 
 
       A   B 
 
Figure 4.18. Scanning electron microscopy (SEM) (A) and depth profiling (10x 2) (B) with an average depth 
difference of 887 nm of PCL surface coated with 14 w% hydrogel layer, with MIP. 
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Figure 4.19. Overview of surface depth profiling analyses showing the average depth differences of three 
independent samples of unmodified PCL, PCL with PF127-BMA layers of different concentrations, with (+) 
and without (-) MIP particles. The error bars represent the standard deviations. The surface roughness of PCL 
decreased significantly when a hydrogel layer was added and significantly increased again when MIP are 
present (p < 0.05). 
 
 
Figure 4.20. Sol/gel fractions of 7.5 w% and 10 w% concentration of PF127-BMA. Values represent an 
average of three independent experiments in which each gel was divided in three parts. The error bars 
represent the standard deviations. MIP particles tend to stabilize the 7.5 w% PF127-BMA network (p = 0.05). 
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4.  Conclusion 
 
Next to the techniques for MIP characterization described in Chapter 1 (see § 5.3.), 
techniques for the examination of particles immobilized onto surfaces or imprinted surfaces 
have been described as well (see Chapter 1 § 5.4.3.). It can be concluded that a broad range 
of methods is available for complete characterization of MIP particles for various 
applications. Similar to the MIP characterization techniques, surface investigation by for 
example SEM, AFM and SCA analysis can be used in parallel. Additionally, the successful use 
and applicability of these techniques are also highly dependent on the specific experimental 
conditions.  
 
The presented results show that immobilization of MIP onto PCL surfaces through PF127-
BMA hydrogel building blocks was successful. 2D PCL spincoated glass plates were used to 
optimize the immobilization protocol and to select the optimal hydrogel building block 
concentration. The hydrogel immobilization technology resulted in a decrease in the water 
contact angle which indicated, together with SEM, AFM and depth profiling data that 
hydrogels could be successfully applied for MIP deposition on surfaces. Furthermore, 
immobilization experiments and sol-gel tests of different hydrogel concentrations have 
shown that 7.5 w% PF127-BMA resulted in successful immobilization of the particles and a 
sufficient gel-fraction of the corresponding hydrogel network. Additionally, the low hydrogel 
building block concentration lowers the risk of ‘skin formation’ on the MIP particles and 
subsequent drop in rebinding capacity. Consequently, these optimized conditions were 
transferred to the 3D scaffold MISPE application which will be discussed in Chapter 5.  
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1.  Introduction 
 
Prior to mycotoxin analysis by LC-MS/MS confirmation methods, sample preparation is mostly 
performed by non-selective solid phase extraction (SPE) methods. A next generation of SPE 
methods include specific recognition elements in their technology such as molecularly 
imprinted polymers (MIP). In general, the following four steps are applied to an SPE column. 
First, the column is conditioned to enable sufficient interactions by adding a solvent which can 
be for example the MIP porogen. Secondly, the sample is loaded and interaction occurs 
between target analytes and recognition elements. The loading solvent is carefully selected to 
optimize the interactions. For molecularly imprinted solid phase extraction (MISPE), in this 
step the MIP porogen is often used as such or combined with buffer solutions. In a next step, 
the column is washed to remove as much as possible non-specific interactions and interfering 
components. Finally, analyte elution is achieved by using a solvent which disturbs the earlier 
formed interactions. Although MIP are frequently used in SPE applications, these columns are 
potentially subject to backpressure problems [1]. Additionally, smaller particles provide a 
higher surface-to-volume ratio which can positively influence target rebinding [2]. However, 
sub-micrometer MIP can possibly flow through the membranes used in SPE columns. 
Therefore, this PhD work proposes a new MISPE type based on sub-micrometer sized MIP 
immobilized by 7.5 w% PF127-BMA on 3D poly-ε-caprolactone (PCL) scaffolds for the 
detection of ergot alkaloids. Hereto, cylindrical scaffolds are targeted since the final loaded 
scaffolds will be transferred into empty SPE columns. To immobilize MIP onto the struts of PCL 
scaffolds, the polymer network technology can be used in which the recognition elements are 
flushed through the porous scaffolds as a suspension in a hydrogel building block solution. 
After complete perfusion of the porous structure, PF127-BMA hydrogel building blocks will 
form a network which makes them insoluble. Simultaneously, MIP/NIP particles present in the 
solution are immobilized onto the struts of the scaffolds. 
 
2.  Immobilization of MIP on 3D PCL scaffolds 
 
2.1. Materials 
Pluronic® F127 (PF127), ammonium persulfate (APS) 98+ % A.C.S. reagent and poly-ε-
caprolactone (PCL) 80000 g/mol were supplied by Sigma-Aldrich (Bornem, Belgium). 
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N,N,N’,N’-Tetramethylethyleendiamine (TEMED) 99 % was acquired from Acros Organics 
(Geel, Belgium). Acetonitrile (Analar Normapur) (ACN) was obtained from VWR International 
(Leuven, Belgium). Empty 3 ml SPE cartridges were purchased from Agilent (Diegem, Belgium). 
Ultrapure MilliQ water was obtained by a Milli-Q gradient system of Millipore (Brussels, 
Belgium). Pluronic® F127 bismethacrylate (PF127-BMA) was produced as earlier described (see 
Chapter 1 § 5.4.2. and Chapter 4 § 2.2.1.)[3]. 
 
2.2. Experimental setup 
2.2.1. Production of 3D PCL scaffolds  
3D cylindrical PCL scaffolds (height 10 mm, diameter 9 mm) were produced by the BioplotterTM 
(Envisiontec, Gladbeck, Germany) by melting PCL and based on CAD/CAM software. Table 5.1 
shows the plotting parameters resulting in the desired scaffolds. 
 
Table 5.1. Applied parameters for production of cylindrical 3D PCL scaffolds by the BioplotterTM technology. 
Material Temperature Needle gauge Needle height  Needle diameter 
PCL 80000 g/mol 120 °C 23 9.5 mm 0.34 mm 
Strand thickness  Strand distance Fxy  Fz  Spindle speed  
0.30 mm 0.90 mm 250 mm/min 500 mm/min 200 mm/min 
Prefow  Postflow  Spullback  Tpullback  Corner delay  
0.2 min 0.2 min 100 mm/min 0.8 s 0.05 mm/min 
Pattern  Offset  Shift  Pressure   
90° 0 0 1 bar  
 
 
2.2.2. Immobilization of MIP/NIP on 3D PCL scaffolds 
A 7.5 w% PF127-BMA solution was prepared in 2 ml degassed MilliQ water. An amount of 300 
mg MIP was brought in solution in 2 ml degassed ACN. Subsequently, scaffolds were exposed 
to argon plasma (30s, 100W and 0.8 mbar) and for 10’ to air. Simultaneously, the 2 ml organic 
phase was added to the hydrogel building block solution under stirring, together with 80 μl of 
an APS and TEMED solution, both 1 M in degassed MilliQ water. Next, the scaffolds were 
added to the solution and vacuum was applied. After 30’’, the scaffolds were pulled out of the 
solution and placed at 37°C for 3h. Finally, the scaffolds were kept at 30°C for 12h in a vacuum 
oven. Additionally, a control scaffold without particles as well as a scaffold with immobilized 
NIP particles was also prepared following the above described protocol.  
 
CHAPTER 5 – 3D MIP SPE APPLICATION   
139 
 
2.2.3. Characterization of MIP/NIP on 3D PCL scaffolds 
Hydrogel and MIP immobilization on 3D structures was studied by optical microscopy 
(Axiotech 100, Axiocam 105 color camera, Carl Zeiss, Göttingen, Germany), SEM (Phenom 
desktop device, Eindhoven, The Netherlands) and µCT analysis (SkyScan 1172, Aartselaar, 
Belgium). Prior to SEM analysis, scaffolds were exposed to vacuum and subsequently gold 
sputtered. For µCT analysis, scaffolds were scanned with a resolution of 2.56 μm and an image 
pixel size of 4000x2096 pixels. The 360° scans were obtained at 60kV, 157 μA at 0.3° rotation 
steps with no additional filters. The scans were reconstructed using the standard SkyScan 
reconstruction software (NRecon, v1.6.10.1) with following parameters: smoothing of 2 pixels, 
beam hardening correction of 20 %, ring artefact reduction of 12 and an output attenuation 
coefficient range of 0.00 - 0.25. All scaffolds and their respective datasets were treated equally 
to obtain comparable results. Therefore, the datasets were oriented in the same way and the 
struts of the scaffolds run parallel to the image slicing direction using SkyScan DataViewer. 
Additionally, a volume of interest (VOI) of 5 x 5 x 3 mm of the middle section of each scaffold 
was exported for further analysis which was conducted using standard SkyScan analysis and 
visualization software (CTAn and CTVol). The analysis in CTAn included applying a threshold of 
20-255 (greyscale values), cleaning up the binarized images by removing white and black 
outlier pixels and running the standard 3D analysis. Finally, the custom material thickness 
distribution algorithm was used, based on the sphere fitting method (based on Hildebrand 
and Ruegsegger [4]). The output shows the percentage of the analyzed volume that has a 
certain material thickness (or smaller). This percentage can be recalculated to show the 
percentage of the solid materials (i.e. PCL/PF127-BMA/MIP) at a certain material thickness. 
 
2.3. MIP immobilization by 7.5 w% PF127-BMA on 3D PCL scaffolds 
3D cylindrical PCL scaffolds were successfully produced by the BioplotterTM technology as 
visualized in Figure 5.1. Visual examination combined with microscopy reveals that scaffolds 
were characterized by interconnective pores with sizes of approximately 318.98 to 387.60 µm 
(Figure 5.2). Furthermore, the successful immobilization of 7.5 w% PF127-BMA and MIP 
particles on 3D structures was confirmed by optical microscopy and SEM. After immobilization 
of a 7.5 w% PF127-BMA hydrogel layer, its presence was clearly visible in optical microscopy 
and SEM images (Figure 5.3). Additionally, SEM demonstrates that MIP particles were 
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successfully immobilized by 7.5 w% PF127-BMA and implied the accessibility of MIP for future 
rebinding of target analytes (Figure 5.4).  
 
 
Figure 5.1. Visualization of a cylindrical PCL scaffold (height 10 mm, diameter 9 mm) produced by  
the BioplotterTM technology. 
 
 
 A         B            C      
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Figure 5.2. Scanning electron microscopy (SEM) (A-E) and optical microscopy (F) images of unmodified PCL 
scaffolds to visualize pores throughout the scaffold, including measurement of the pore size by optical 
microscopy.  
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Figure 5.3. Optical microscopy (A-B) and scanning electron microscopy (SEM) (C) images of PCL struts within a 
scaffold functionalized with 7.5 w% PF127-BMA layer without MIP. 
 
 
      
Figure 5.4. Scanning electron microscopy (SEM) images of PCL struts within a scaffold functionalized with 7.5 
w% PF127-BMA layer with MIP. Scaffold struts ( ), hydrogel layer ( ) and MIP particles ( )  
are indicated. 
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The structure of the scaffolds was further studied by µCT analysis. Figure 5.5 shows µCT 
images for PCL and PCL 7.5 w% PF127-BMA MIP scaffolds. Importantly, NIP/MIP particles 
could not be visualized since the scan resolution was 2.6 µm. Except for unmodified PCL 
scaffolds, secondary structures were visible in between the struts related to the hydrogel layer 
(Figure 5.5). Additionally, several 3D views were generated and analyzed. 3D images of the 
scaffolds viewed from the top confirmed the presence of a hydrogel layer on the struts, as 
well as inside some pores (Figure 5.6). Next, 3D visualization of the thickness distribution was 
obtained in which red corresponds with thin and blue with thick structures. Figure 5.7 shows 
more reddish color of the struts for the PCL scaffold compared to the PCL 7.5 w% PF127-BMA 
scaffold which indicates the presence of hydrogel. Additionally, the strong red color which was 
visible in the PCL 7.5 w% PF127-BMA MIP scaffold was present inside the pores and could be 
related to the thin hydrogel layer. 3D analysis of the solid materials (PCL/hydrogel/NIP/MIP) 
within the VOI revealed a total porosity of 52.01 %, 49.97 %, 44.82 % and 38.39 % for PCL, PCL 
7.5 w% PF127-BMA, PCL 7.5 w% PF127-BMA NIP and PCL 7.5 w% PF127-BMA MIP scaffolds 
respectively. The smaller porosity of the MIP loaded scaffold correlated with the presence of 
hydrogel inside the pores which was detected in the 3D image. Finally, for each specific 
material thickness ranging from approximately 0 to 600 nm, the percentage of solid materials 
(PCL/hydrogel/NIP/MIP) was calculated (Figure 5.8). Given a PCL strand thickness of 300 µm, 
focusing on bigger material thicknesses resulted in additional measuring of the pores which 
explains the drop in solid materials percentage. Since more solid material was present in the 
pores of scaffolds loaded with MIP-hydrogel, NIP-hydrogel and hydrogel, these curves 
dropped slightly slower compared to unmodified PCL scaffolds. When smaller thicknesses 
were studied, a higher solid material percentage was received for PCL with a stepwise 
decrease going from PCL 7.5 w% PF127-BMA over NIP to MIP scaffolds. The lower values for 
the hydrogel coated scaffolds and especially when particles were present, could possibly be 
related to irregularities in the structures related to imperfect homogenous immobilization. 
Consequently, more spaces were detected and classified as non-solid. In conclusion, the above 
described experiments confirmed the successful use of 7.5 w% PF127-BMA for immobilization 
purposes on 3D scaffolds, although fractions of the hydrogel could also be present inside the 
pores and not only covering them with a thin layer. This needs to be taken into account when 
performing SPE experiments since it might influence binding capacity of the MIP and thus the 
final applicability of this new SPE type.   
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   A          B        
           
Figure 5.5. µCT images of PCL (A) and PCL 7.5 w% PF127-BMA MIP (B) scaffolds. 
 
 
       A                 B        
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Figure 5.6. 3D µCT images of PCL (A), PCL 7.5 w% PF127-BMA (B) and PCL 7.5 w% PF127-BMA MIP scaffolds 
(C) viewed from the top. 
 
 
 
CHAPTER 5 – 3D MIP SPE APPLICATION 
144 
 
             A       B        
           
        C      
 
Figure 5.7. 3D thickness distribution of PCL (A), PCL 7.5 w% PF127-BMA (B) and PCL 7.5 w% PF127-BMA MIP 
(C) scaffolds ranging from thin (red) to medium (green) to thick (blue) structures (top view) determined by 
3D µCT analysis. 
 
 
Figure 5.8. Material thickness distribution analysis based on sphere fitting (custom algorithm) for PCL, PCL 
7.5 w% PF127-BMA, PCL 7.5 w% PF127-BMA NIP and PCL 7.5 w% PF127-BMA MIP scaffolds determined by 
 3D µCT. 
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3.  MISPE based on loaded PCL scaffolds 
 
3.1. Materials 
Metergoline, triethylamine (TEA) and standards of methylergometrine (MeEm) and 
dihydroergotamine (DHEt) were supplied by Sigma-Aldrich (Bornem, Belgium). Acetonitrile 
(Analar Normapur) (ACN) and methanol (MeOH) HiPerSolv were obtained from VWR 
International (Leuven, Belgium). LC-MS/MS grade ACN and MeOH were bought from Biosolve 
(Valkenswaard, The Netherlands) as well as formic acid 99 %. Standards of ergometrin(in)e 
(Em(n)), ergosin(in)e (Es(n)), ergotamin(in)e (Et(n)), ergocristin(in)e (Ecr(n)), ergocryptin(in)e 
(Ekr(n)) and ergocornin(in)e (Eco(n)) were supplied by Food Risk Management (RomerLabs 
agent in Benelux, The Netherlands). Empty 3 ml SPE cartridges were purchased from Agilent 
(Diegem, Belgium). Ultrapure MilliQ water was obtained by a Milli-Q gradient system of 
Millipore (Brussels, Belgium). 
 
3.2.  Experimental setup 
3.2.1. Metergoline MISPE based on loaded PCL scaffolds 
Scaffolds were placed in empty SPE columns and conditioned for 30’ with 2 ml ACN. 
Subsequently, 250 µL of a 1 µM or 10 µM metergoline solution in ACN was added and left for 
30’ to fill the scaffolds, followed by one or three washing steps with 2 ml MilliQ water for 15’. 
Next, metergoline elution was performed by adding 3 ml of MeOH/TEA (95/5), 30’ incubation 
and complete elution of the scaffolds. The eluates (500 µl) were then transferred to centrifugal 
filters (17968 g, 5’). Afterwards, 200 µl of each sample was spiked with 25 µl of a 1 µM solution 
of MeEm internal standard in ACN and dried under nitrogen. Finally, the samples were 
reconstituted in 500 µl ACN and 100 µl was transferred to an HPLC vial for analysis by an 
isocratic ACN/0.3 % formic acid LC-MS/MS method with an Acquity UPLC® Quattro Micro triple 
quadruple spectrometer (Waters, Milford, MA, USA). The above described protocol was 
applied to 4 scaffolds: (i) PCL, (ii) PCL PF127-BMA, (iii) PCL PF127-BMA NIP and (iv) PCL PF127-
BMA MIP. Additionally, a concentration range of metergoline (10 nm – 10 µM) and the eluates 
after loading and washing were also analyzed. Statistical analysis was performed by the non-
parametric Mann-Whitney U test (SPSS version 23, IBM, New York, USA). A p-value < 0.05 was 
considered as statistically significant. 
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3.2.2. Ergot alkaloids MISPE based on loaded PCL scaffolds 
Similar to the metergoline MISPE application, scaffolds were placed in empty SPE columns and 
conditioned for 30’ with 2 ml ACN. Subsequently, 250 µL of an ergot alkaloid solution in ACN 
in which each ergot alkaloid and epimer (Em(n), Es(n), Et(n), Ecr(n), Ekr(n), Eco(n)) was present 
in a 0.8 µg/ml concentration, was added and left for 30’ to fill the scaffolds, followed by 
washing with 2 ml MilliQ water for 15’. Next, 3 ml of MeOH/TEA (95/5) was added for 30’ 
incubation and subsequent elution of the scaffolds. The solvents used for loading, washing 
and elution were similar compared to an earlier described ergot MISPE method [5]. In a next 
step, the eluates (500 µl) were transferred to centrifugal filters (17968 g, 5’). Afterwards, 200 
µl of each sample was spiked with 12.5 µl of a 1 µg/ml solution in ACN of MeEm and DHEt IS, 
followed by drying under nitrogen. Finally, the samples were reconstituted in 500 µl 
MeOH/ACN/H2O (20/40/40) of which 100 µl was transferred to an HPLC vial and analyzed by 
using an earlier described LC-MS/MS method with an Acquity UPLC® Quattro Micro triple 
quadruple spectrometer (Waters, Milford, MA, USA) [6]. As previously suggested, the results 
were reported for the sum of each ergot alkaloid and its epimer since both R and S epimers 
are reversibly converted in each other through the epimerization reaction [5]. The above 
described protocol was applied to 4 scaffolds: (i) PCL, (ii) PCL PF127-BMA, (iii) PCL PF127-BMA 
NIP and (iv) PCL PF127-BMA MIP.  
 
3.2.3. Characterization of 3D PCL scaffolds after MISPE 
SEM (Phenom desktop device, Eindhoven, The Netherlands) analysis was used to characterize 
scaffolds after the MISPE protocol. Prior to SEM analysis, scaffolds were exposed to vacuum 
and subsequently gold sputtered. 
 
3.3. Metergoline MISPE based on loaded PCL scaffolds 
Several functional aspects need to be investigated when MIP are immobilized such as the 
correct positioning of the particles on the scaffolds and the stability thereof. Additionally, after 
immobilization of MIP on PCL scaffolds by PF127-BMA, it is important to study the availability 
of the binding sites and potential non-specific interactions between metergoline/ergot 
alkaloids and the scaffold and/or hydrogel layer. Functional analysis of the rebinding potential 
of MIP for metergoline after 3D immobilization was tested by loading a metergoline solution 
on PCL, PCL 7.5 w% PF127-BMA, PCL 7.5 w% PF127-BMA NIP and PCL 7.5 w% PF127-BMA MIP 
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columns. Similar to most antibody tests such as ELISA, three washing steps were applied in the 
SPE protocol. The equilibrium experiment (see Chapter 3 § 5.4.) indicated already a clear 
difference in MIP rebinding capacity compared to NIP for the lowest concentrations (5 – 10 
µM). Therefore, the metergoline rebinding percentage after spiking with a 10 µM solution was 
studied and resulted only in 9.16 ± 1.23 % for MIP loaded scaffolds. Since this percentage was 
low and studying possible saturation of the column was desired, experiments were performed 
using a lower metergoline concentration.  
 
Figure 5.9 presents the metergoline rebinding percentages of a 1 µM solution after three SPE 
washing steps. The non-specific PCL, PCL PF127-BMA and PCL PF127-BMA NIP columns eluted 
respectively 9.43 ± 3.94 %, 5.66 ± 2.20 % and 5.33 ± 1.81 % of the 1 µM metergoline solution. 
On the contrary, the specific MIP scaffolds resulted in an average 22.44 ± 4.17 % rebinding 
which tended to be higher compared to the non-specific sorbents (p = 0.05). However, this 
percentage was lower than expected since previous research obtained rebinding percentages 
ranging from 56 to 79 % for the final ergot alkaloid MISPE application [5]. Possibly, this low 
percentage could be related to the excessive washing of the columns in three consecutive 
washing steps which is usually applied in ELISA applications. Consequently, further 
optimization of the SPE application by adjusting the amount of washing steps was targeted. 
Additionally, earlier described MIP particles produced by a different template/functional 
monomer/crosslinker ratio (see Chapter 3 § 4.2.) were tested as well to study the potential 
influence of the ratio on the rebinding potential of the particles in the proposed 3D SPE 
columns.    
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Figure 5.9. Elution percentages after rebinding of 1µM metergoline solution on PCL, PCL 7.5 w% PF127-BMA, 
PCL 7.5 w% PF127-BMA NIP and PCL 7.5 w% PF127-BMA MIP 3D scaffolds after three washing steps. Values 
represent an average of three independent experiments whereas the error bars represent the standard 
deviations. The rebinding of specific MIP scaffolds tended to be higher compared to the non-specific 
sorbents (p = 0.05). 
 
To investigate the influence of the template/functional monomer/crosslinker ratio on the 
metergoline rebinding percentage and to confirm the choice of the MIP particles produced 
with a of 1/6/24 compared to the non-selected MIP of 1/8/32 which established more visual 
aggregation (see Chapter 3 § 4.2.), the rebinding capacity of the particles produced according 
to the 1/8/32 ratio was investigated as well. However, these particles only resulted in a 
rebinding percentage of 15.03 %. This observation indicated that particles produced with 
lower amounts of template molecules resulted in lower metergoline rebinding percentages. 
Possibly, the use of lower template amounts in the MIP production process led to a lower 
amount of potential binding sites. Consequently, this provided a possibly explanation 
regarding the lower rebinding percentage of the 1/8/32 MIP compared to the 1/6/24 MIP. 
Moreover, these data supported the choice of the MIP produced by the 1/6/24 ratio for 
further experiments and indicate the need for optimization of the new type of MISPE 
application by for example adapting the amount of washing steps.    
 
Since an earlier described MISPE method for ergot alkaloids applied only one washing step 
and an adjustment of the amount of washing steps was proposed, this parameter was adapted 
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in the SPE protocol [5]. Figure 5.10 shows the rebinding percentages of the different columns 
after spiking with a 1 µM metergoline concentration as well as the percentages obtained after 
the loading and washing steps. In the loading and washing steps, a high variability was 
observed in the recovered percentage of metergoline which indicated a large fluctuation of 
the amount which was removed prior to actual elution. However, for both SPE steps the 
percentages found for the selective MIP scaffolds were the lowest. When focusing on the 
elution step, the PCL, PCL 7.5 w% PF127-BMA and PCL 7.5 w% PF127-BMA NIP columns 
represented non-specific binding of 16.47 ± 4.42 %, 23.68 ± 10.50 % and 15.25 ± 1.54 % 
respectively. The metergoline rebinding capacity of the PCL 7.5 w% PF127-BMA MIP scaffold 
as MISPE sorbent was calculated at 44.87 ± 8.30 %. Consequently, although no significant 
difference was established compared to all the negative control scaffolds (all p ≥ 0.05), the 
rebinding percentage of the specific MIP column tended to be higher. Therefore, it can be 
concluded that although the metergoline rebinding percentage of the new MISPE sorbent was 
not as high as targeted, MIP did not completely lose their ability to rebind metergoline in a 
more specific manner compared to the negative controls. However, more in-depth 
investigation is needed to optimize this sorbent. Hereto, some hypotheses were formulated 
to clarify the low rebinding percentages and will be discussed hereafter.   
 
Figure 5.10. Rebinding of 1µM metergoline solution on PCL, PCL 7.5 w% PF127-BMA, PCL 7.5 w% PF127-BMA 
NIP and PCL 7.5 w% PF127-BMA MIP 3D scaffolds after one washing step. Values represent an average of 
three independent experiments whereas the error bars represent the standard deviations. The rebinding of 
specific MIP scaffolds tended to be higher compared to the negative control scaffolds, although no significant 
differences were observed (all p ≥ 0.05).   
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In order to formulate possible causes for the observed low metergoline rebinding potential of 
the PCL 7.5 w% PF127-BMA MIP scaffolds, several hypotheses were formulated. It remains 
possible that MIP are slightly covered by the hydrogel layer which impairs their rebinding 
characteristics. Potentially, bigger particles could resolve this issue on condition that they do 
not block the pores of the 3D scaffold. Additionally, only one concentration of MIP particles 
was studied in this project. Since the amount of MIP on the scaffolds could also have an effect 
on their rebinding characteristics, it is possible that the MIP concentration needs to be 
adapted. Another important remark is the fact that in total only 61.76 ± 12.91 % of the spiked 
1 µM metergoline solution was retrieved from the MIP loaded scaffolds in the three analyzed 
steps (loading, washing, elution). Consequently, it is acceptable to state that still a significant 
part of metergoline was present on the columns after elution. This could possibly be related 
to swelling of the hydrogel layer during the water washing step which resulted in a higher 
coverage of the MIP and therefore prevented a sufficient elution of metergoline. As described 
above, the µCT results indicated the presence of hydrogel within the pores which could 
negatively influence the perfusion of scaffolds by the solvents during SPE (see § 2.3.). 
Therefore, this states another hypothesis explaining the low rebinding percentages of the MIP 
scaffolds since this can imply an insufficient interaction between metergoline and the MIP 
binding sites. Moreover, it is conceivable that the low rebinding percentage could be related 
to the actual MIP rebinding potential indicating that the sub-micrometer sized MIP which were 
produced in this project do not perform sufficiently for the intended application. Finally, in 
case the 7.5 w% PF127-BMA layer was not able to maintain the MIP particles in the hydrogel 
network during the SPE application, the recognition elements could be lost during the process. 
Therefore, the presence of MIP on the scaffolds after MISPE was checked by SEM analysis 
since loss of particles could also explain the lower rebinding percentages. However, MIP were 
still present on the struts of the scaffolds as illustrated in Figure 5.11. Consequently, this 
finding is positive in terms of potential reusability of the new MISPE columns. In conclusion, 
although only lower rebinding percentages could be obtained, the above described results 
indicate the successful immobilization of MIP on 3D PCL scaffolds. However, further 
optimization of the SPE application is still needed to investigate the potential use of MIP in the 
proposed 3D scaffold model as new MISPE sorbent. This issue will be addressed in the chapter 
regarding ‘Broader international context, relevance and future perspectives’.        
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Figure 5.11. Scanning electron microscopy (SEM) of PCL scaffold with 7.5 w% PF127-BMA MIP layer after 
MISPE indicating the presence of the MIP particles. 
 
 
3.4. Ergot alkaloid MISPE based on loaded PCL scaffolds 
The rebinding capacity of the new MISPE sorbent type was also evaluated for the six major 
ergot alkaloids and their epimers. Based on the results for metergoline rebinding (see § 3.3.) 
only one washing step was applied in the SPE protocol. Since in this preliminary analysis no 
calibration curve was analyzed, relative peak areas were calculated instead of rebinding 
percentages as was the case for metergoline rebinding. Relative peak areas for the PCL, PCL 
PF127-BMA, PCL PF127-BMA NIP and PCL PF127-BMA MIP after the elution step showed that 
the ergot alkaloids were not specifically retained by the MIP sorbent (Figure 5.12). 
Additionally, non-specific binding by PCL, hydrogel and/or NIP was observed to be high. Hence, 
the PCL PF127-BMA MIP scaffolds showed no trend towards a higher rebinding capacity 
compared to the negative controls. Consequently, optimization of the final multi-ergot 
alkaloid MISPE scaffold application was not achieved but several suggestions will be 
formulated to clarify the low rebinding potential for the ergot alkaloids.   
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Figure 5.12. Elution relative peak areas after rebinding of 0.8 µg/ml ergot alkaloid solution on PCL, PCL 7.5 
w% PF127-BMA, PCL 7.5 w% PF127-BMA NIP and PCL 7.5 w% PF127-BMA MIP 3D scaffolds. Values represent 
an average of two independent experiments whereas the error bars represent the standard deviations.  
 
Similar to the difficulties described for the metergoline experiments, a possible explanation 
could be the effect of coverage of the MIP particles by the PF127-BMA hydrogel layer or the 
presence of this hydrogel inside the pores which decreased optimal perfusion of the scaffolds.  
Moreover, the lower rebinding potential of the new SPE sorbents for ergot alkaloids compared 
to the previous ergot alkaloid MISPE (56 – 79 %) [5], can be related with the washing solvent. 
In both the earlier described MISPE and the new SPE type, water was used as a washing 
solvent. Possibly, the washing step led to an increased swelling of the hydrogel resulting in 
less efficient removal of the ergot alkaloids during the elution step. When comparing the 
rebinding results with the MISPE for ergot alkaloids and other mycotoxin SPE applications as 
described in Chapter 3 (see § 5.5.) [5, 7-9], lower rebinding percentages were obtained in this 
research which could be related to the immobilization technique which was applied to 
produce these new type of SPE sorbents. Since the earlier described MISPE applications used 
MIP particles as such without the use of hydrogels for immobilization, this method did not 
suffer from additional swelling problems as could be the case in the newly proposed strategy. 
Additionally, the low rebinding potential of the MIP for ergot alkaloids supports the above 
stated hypothesis (see § 3.3.) regarding the possibility that the insufficient performance of the 
MIP functionalized scaffolds could be related to the actual MIP rebinding characteristics. 
Therefore, these results provided an indication that using metergoline as a template was 
potentially not the most sufficient strategy. To improve the affinity of the MIP particles for the 
ergot alkaloids, the use of a different template for MIP production instead of metergoline can 
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be suggested which will be described in more detail in the chapter on ‘Broader international 
context, relevance and future perspectives’.        
 
4.  Conclusion  
 
Successful production of 3D PCL scaffolds by the BioplotterTM technology and subsequent 
immobilization of MIP recognition elements by the 7.5 w% PF127-BMA hydrogel building 
blocks were demonstrated by a combination of optical microscopy, SEM and µCT analysis. The 
binding capacity of the MIP recognition elements was shown to be still present after 
immobilization on 3D scaffolds. However, the rebinding percentages for metergoline were not 
as high as targeted with respect to previously described rebinding percentages (56 – 79 %) 
obtained with a final ergot alkaloid SPE application [5]. Additionally, rebinding of the ergot 
alkaloids was not sufficient since no clear differences could be observed between the specific 
7.5 w% PF127-BMA MIP and the negative control scaffolds. Several possible causes were 
described which could explain the unsuccessful results which were obtained. Therefore, 
various future research strategies need to be defined in other to finally lead to a selective 
sample purification and to develop new multi-mycotoxin sample preparation methods by 
using the presented new type of SPE columns. Finally, those developments may lead to a more 
efficient multi-mycotoxin analysis. 
 
5.  References  
 
1. Regal P., Diaz-Bao M., Barreiro R., Cepeda A., and Fente C. 2012. Application of molecularly imprinted 
polymers in food analysis: clean-up and chromatographic improvements. Central European Journal of 
Chemistry. 10(3): p. 766-784. 
2. De Middeleer G., Dubruel P., and De Saeger S. 2016. Characterization of MIP and MIP functionalized 
surfaces: Current state-of-the-art. Trac-Trends in Analytical Chemistry. 76: p. 71-85. 
3. Vandenhaute M., Schelfhout J., Van Vlierberghe S., Mendes E., and Dubruel P. 2014. Cross-linkable, 
thermo-responsive Pluronic (R) building blocks for biomedical applications: Synthesis and physico-
chemical evaluation. European Polymer Journal. 53: p. 126-138. 
4. Hildebrand T. and Ruegsegger P. 1997. A new method for the model-independent assessment of 
thickness in three-dimensional images. Journal of Microscopy-Oxford. 185: p. 67-75. 
5. Lenain P., Di Mavungu J.D., Dubruel P., Robbens J., and De Saeger S. 2012. Development of Suspension 
Polymerized Molecularly Imprinted Beads with Metergoline as Template and Application in a Solid-
Phase Extraction Procedure toward Ergot Alkaloids. Analytical Chemistry. 84(23): p. 10411-10418. 
6. Di Mavungu J.D., Malysheva S.V., Sanders M., Larionova D., Robbens J., Dubruel P., Van Peteghem C., 
and De Saeger S. 2012. Development and validation of a new LC-MS/MS method for the simultaneous 
determination of six major ergot alkaloids and their corresponding epimers. Application to some food 
and feed commodities. Food Chemistry. 135(1): p. 292-303. 
CHAPTER 5 – 3D MIP SPE APPLICATION 
154 
 
7. De Smet D., Dubruel P., Van Peteghem C., Schacht E., and De Saeger S. 2009. Molecularly imprinted 
solid-phase extraction of fumonisin B analogues in bell pepper, rice and corn flakes. Food Additives and 
Contaminants Part a-Chemistry Analysis Control Exposure & Risk Assessment. 26(6): p. 874-884. 
8. De Smet D., Monbaliu S., Dubruel P., Van Peteghem C., Schacht E., and De Saeger S. 2010. Synthesis and 
application of a T-2 toxin imprinted polymer. Journal of Chromatography A. 1217(17): p. 2879-2886. 
9. Urraca J., Huertas-Perez J.F., Cazorla G.A., Gracia-Mora J., Garcia-Campana A.M., and Moreno-Bondi 
M.C. 2016. Development of magnetic molecularly imprinted polymers for selective extraction: 
determination of citrinin in rice samples by liquid chromatography with UV diode array detection. 
Analytical and Bioanalytical Chemistry. 408(11): p. 3033-3042. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
  
  
 
Chapter 6 
2D antibody immobilization and 
characterization 
  
 
 
CHAPTER 6 – 2D ANTIBODY IMMOBILIZATION AND CHARACTERIZATION  
159 
 
1.  Introduction 
 
For the detection of mycotoxins, antibodies remain the gold standard as recognition 
elements in rapid tests or as sorbents in solid phase extraction (SPE) columns prior to LC-
MS/MS analysis for qualitative and quantitative analysis respectively. Historically, the most 
widely used method for preparation of an immunosorbent is by using cyanogen bromide 
(CNBr) activated sepharose. However, the binding capacity is limited which can be caused by 
sterical hindrance [1]. Another important disadvantage is the extreme toxicity of CNBr for 
humans and the environment. To solve the limitations of the currently used purification 
sorbents, this research focused on the development of a new and alternative SPE application 
for the detection of deoxynivalenol (DON), based on antibody loaded porous poly-ε-
caprolactone (PCL) scaffolds.   
 
2.  The ionic and covalent model for antibody immobilization on PCL  
 
As discussed in Chapter 1 (see § 6.3.), antibodies can be deposited on PCL substrates by 
means of the 2-aminoethyl methacrylate (AEMA) grafting technology. After AEMA grafting, 
primary amine functions are present on PCL and are capable of interacting with the C-
terminus of antibodies. Hereto, two different models were investigated; more specifically 
the covalent and the ionic model. On the one hand, antibodies can be attached by a covalent 
approach (R’-COOH + R-NH2  R’-CO-NH~) under support of 1-ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC). On the other hand, antibodies can also interact 
with the amine functions of AEMA through ionic interactions, since at physiological pH the 
amine groups of AEMA are positively charged and the antibodies are possibly negatively 
charged. Both approaches were tested in this study and the complete process is shown in 
Figure 6.1.    
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Figure 6.1. Ionic and covalent antibody immobilization approach by using 2-aminoethyl methacrylate (AEMA) 
as grafting agent. Ionic interactions are indicated by  symbols.  
 
The above described covalent and ionic models were applied for immobilization of 
secondary antibodies. The immobilization process was first studied on 2D PCL surfaces since 
these are easier to optimize and analyze by surface characterization techniques such as X-ray 
photoelectron spectroscopy (XPS) and static contact angle (SCA) analysis. In a next step, the 
optimal reaction conditions will be transferred to antibody immobilization on 3D PCL 
scaffolds. Finally, anti-DON antibodies will be added to the final SPE set-up resulting in a new 
SPE application for DON prior to LC-MS/MS analysis. 
 
3. Materials and experimental setup for immobilization of secondary antibodies on 2D 
PCL surfaces   
 
3.1. Materials 
Polyclonal rabbit anti-mouse IgG immunoglobulins (2.1 g/l) were obtained from Dako 
Cytomation (Glostrup, Denmark). 2-Aminoethylmetacrylate (AEMA) was purchased from 
Polysciences Europe GmbH (Hirschberg, Germany). 1-Ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and phosphate buffered saline (PBS) powder were acquired from Sigma-
Aldrich (Bornem, Belgium). Radioactive Iodine (125I) was supplied by PerkinElmer, Inc. 
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(Massachusetts, USA). Ultrapure MilliQ water was obtained by a Milli-Q gradient system of 
Millipore (Brussels, Belgium). 
 
3.2. Experimental setup 
3.2.1. Immobilization of secondary antibodies on 2D surfaces 
Secondary rabbit anti-mouse antibodies were immobilized onto circular 2D PCL plates 
(diameter 10 mm) by the AEMA grafting technique. Before grafting, PCL plates were exposed 
to Argon plasma (30s, 100W, 0.8 mbar) and subsequently for 10’ to air. Simultaneously, a 1 
M AEMA solution was prepared in degassed MilliQ water. Next, the AEMA solution was 
added to the samples followed by exposure to UV-A without filter for 60’ (lamp distance 10 
cm, λMAX = 350 nm). After 1h, the samples were thoroughly rinsed by shaking with several 
changes of MilliQ water and were finally shaken overnight. The samples were dried at room 
temperature for 12h in a vacuum oven. To obtain antibody immobilization, the PCL plates 
were immersed in 2 ml of different dilutions (0.0021 µg/µl, 0.0042 µg/µl, 0.0084 µg/µl, 
0.0168 µg/µl) of a stock antibody solution (2.1 g/l) at room temperature. In the covalent 
model, the antibody solutions were prepared in degassed MilliQ water and after 1h 
incubation 100 µl of a 1 mg/ml EDC solution was added to the reaction. Subsequently, the 
PCL plates were incubated 4h at room temperature. Second, an ionic model was tested in 
which the reaction occurred at physiological pH (0.01 M PBS buffer) in the absence of EDC 
for 5h. In both models, the plates were washed thoroughly and shaken with several changes 
of MilliQ water. Next, the PCL plates were incubated in MilliQ water overnight at 37°C. 
Finally, all samples were dried at room temperature. Negative controls were also included 
for all conditions tested. More specifically, plasma-treated PCL plates without AEMA were 
also submitted to the same antibody immobilization protocols. 
 
3.2.2. Characterization of 2D PCL surfaces after secondary antibody immobilization 
AEMA grafting and immobilization of antibodies by the covalent and ionic models were 
studied by performing SCA, XPS and radiolabeling analysis. The techniques were also used to 
analyze unmodified PCL, PCL AEMA and PCL secondary antibody plates as controls. SCA 
analysis (OCA 20, Dataphysics, Filderstadt, Germany) was performed by using the sessile 
drop method and the Laplace-Young fitting. On each sample three measurements were 
performed and all samples were analyzed in triplicate. Statistical analysis was performed by 
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the non-parametric Mann-Whitney U test (SPSS version 23, IBM, New York, USA). A p-value 
< 0.05 was considered as statistically significant. XPS analysis (ESCA S-probe VG 
monochromatic spectrometer with Al Kα X-ray source, 1486 eV) (Physical Electronics, 
Chanhassen, USA) was executed in triplicate at three random positions on each sample with 
a spot size of 250 to 1000 μm. The Casa XPS software package (Casa Software Ltd., 
Teignmouth, UK) was used to process the results. For radiolabeling studies, the secondary 
antibodies were labeled with radioactive Iodine (125I) prior to their application in the 
covalent or ionic model. More specifically, I+ is able to label aromatic groups of certain amino 
acids such as tyrosine and histidine by an electrophilic aromatic substitution reaction. Next, 
the activity was determined by a radioactivity measuring device (Capintec CRC®-15R, 
Capintec Instruments, Pittsburgh, USA). The reported results represent the average value of 
three independent samples for each condition.  
 
4.  Optimization of secondary antibody concentration and immobilization model on 2D 
PCL substrates 
 
Prior to antibody immobilization, a successful AEMA grafting of the PCL surfaces needed to 
be confirmed. Therefore, SCA analysis was used since it was anticipated that AEMA grafting 
of the hydrophobic PCL would lead to more hydrophilic surfaces. As expected, SCA 
measurements indicated a significant decrease in hydrophobicity when PCL surfaces were 
grafted with AEMA (p = 0.01). More specifically, the static contact angle of unmodified PCL 
surfaces decreased from 85.9 ± 2.78° to 48.1 ± 7.88° after modification thereof with AEMA. 
In a next step, two models, covalent and ionic, were studied for the immobilization of 
secondary antibodies on 2D PCL substrates. To select the most optimal immobilization 
technique, both models were compared by performing XPS analysis and radiolabeling. 
Additionally, these techniques were also used to determine the most optimal secondary 
antibody concentration within both models.  
 
Since both AEMA molecules and antibodies contain nitrogen, XPS analysis of the 2D surfaces 
was performed. It was expected not to find nitrogen on PCL surfaces as such, followed by an 
increase after AEMA grafting and an additional increase after specific immobilization of the 
secondary antibodies. As shown in Figure 6.2 and 6.3, unmodified PCL surfaces did not 
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contain any nitrogen atoms in correspondence with their chemical structure which only 
consists of oxygen and carbon atoms. After AEMA grafting, the nitrogen composition 
revealed successful grafting which was illustrated by both the ionic (Figure 6.2) and covalent 
(Figure 6.3) model, with respectively 3.86 % ± 2.04 and 5.86 % ± 0.62 nitrogen. Within the 
ionic model a high variability was observed for most conditions, both non-specific (PCL 
secondary antibody) and specific (PCL AEMA secondary antibody) (Figure 6.2). Ionic 
immobilization tended to be the most successful for the PCL AEMA 0.0168 µg/µl and 0.0042 
µg/µl surfaces, which contained respectively 7.38 % ± 1.17 and 7.33 % ± 0.46. Both nitrogen 
levels clearly increased compared to the PCL AEMA surfaces. However, non-specific 
immobilization of the 0.0168 µg/µl concentration resulted in a high variation. On the 
contrary, non-specific deposition of 0.0042 µg/µl secondary antibodies on PCL surfaces was 
absent which is unexpected since in general some non-specific immobilization should be 
detected. Consequently, immobilization of a secondary antibody solution by the ionic model 
was not optimal to be used further on for the intended application. However, the ionic 
model was also investigated by radiolabeling analysis to obtain full characterization and the 
results will be described further in this section. 
 
 
Figure 6.2. Nitrogen percentage (%) of PCL, PCL AEMA, PCL secondary antibody and PCL AEMA secondary 
antibody surfaces for different secondary antibody concentrations after immobilization by the ionic model, 
measured by XPS analysis. Values represent an average of three samples on which three measurements 
were performed. The error bars represent the standard deviations.  
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For the covalent model (Figure 6.3), all samples which obtained subsequent secondary 
antibody immobilization after AEMA grafting, showed a higher nitrogen percentage 
compared to PCL AEMA surfaces (5.86 % ± 0.62) which indicated a successful immobilization. 
The highest nitrogen deposition was observed for the 0.0084 µg/µl secondary antibody 
concentration, more specifically 10.13 % ± 0.37. In analogy with the ionic model, 2D PCL 
surfaces with no AEMA grafting were also incubated with 0.0021 µg/µl, 0.0042 µg/µl, 0.0084 
µg/µl and 0.0168 µg/µl secondary antibody dilutions to represent non-specific 
immobilization. In general, these surfaces were characterized by lower values compared to 
the corresponding specific immobilized surfaces, except for the 0.0168 µg/µl dilution in 
which the non-specific immobilization tended to be higher. However, the variation of these 
non-specific immobilization values was high for all concentrations. For example, a non-
specific nitrogen deposition of 7.82 % ± 3.19 was measured for the 0.0084 µg/µl solution 
compared to the specific nitrogen value of 10.13 % ± 0.37. Nevertheless, based on the 
highest nitrogen content which was observed within the covalent model, the 0.0084 µg/µl 
concentration was preferred for further immobilization experiments. 
 
Figure 6.3. Nitrogen percentage (%) of PCL, PCL AEMA, PCL secondary antibody and PCL AEMA secondary 
antibody surfaces for different secondary antibody concentrations after immobilization by the covalent 
model, measured by XPS analysis. Values represent an average of three samples on which three 
measurements were performed. The error bars represent the standard deviations. 
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Since rapid tests such as ELISA often use a 1/500 dilution of secondary antibodies, a PCL 
AEMA 0.0042 µg/µl surface prepared by the covalent model was used for a more in-depth 
investigation regarding the chemical nature of the antibody coupling to the PCL surface. 
Although the covalent approach was targeted, it needed to be confirmed that the antibodies 
were chemically and not physically attached to the surfaces. Therefore, one XPS nitrogen 
peak, originating from one spot on a surface, was analyzed in more detail by the software 
which is able to distinguish physically and chemically bound nitrogen atoms. In case of 
physical attachment, only one (big) peak will be calculated as is the case for the non-specific 
PCL 0.0042 µg/µl surface (Figure 6.4). On the contrary, the nitrogen peak of the PCL AEMA 
0.0042 µg/µl surface revealed a peak shape change and the presence of two peaks (big and 
small). The presence of these two peaks could possibly indicate chemical attachment of 
antibodies (Figure 6.5) [2]. However, more in-depth experiments such as analysis of the 
nitrogen peak on different spots throughout multiple samples need to be performed to 
obtain a higher certainty regarding the chemical deposition of the antibodies.          
 
 
Figure 6.4. XPS detailed nitrogen peak analysis of a PCL 0.0042 µg/µl surface after immobilization  
by the covalent model in which one peak is detected related to physical attachment of the antibodies. 
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Figure 6.5. XPS detailed nitrogen peak analysis of a PCL AEMA 0.0042 µg/µl surface after immobilization  
by the covalent model in which two peaks are detected related to physical (big peak) and chemical (small 
peak) attachment of the antibodies. 
 
In general, the XPS results provided an indication that the grafting of AEMA and subsequent 
secondary antibody immobilization was successful. Since the variability of the results 
obtained with the ionic model was high and the absolute nitrogen percentages within the 
covalent model were exceeding those from the ionic model, XPS data indicated that the 
covalent model was the most successful. Additionally, the 0.0084 µg/µl secondary antibody 
concentration tended to result in the most optimal immobilization since the absolute 
amount of nitrogen was the highest of all concentrations tested within the covalent model.  
 
To support the XPS results, both models and all four dilutions were studied further by 
radiolabeling. The amount of grafted secondary antibody for the different concentrations 
after immobilization through the ionic model is depicted in Figure 6.6. The lowest 
concentration in this model did not result in the desired amount of grafted secondary 
antibodies. For both specific and non-specific immobilization, only 0.02 µg ± 0.01 was 
measured. Deposition of concentrations 0.0042 µg/µl and 0.0084 µg/µl resulted in a small 
and indistinguishable difference between PCL surfaces with and without AEMA grafting. 
Within the ionic model, only for 0.0168 µg/µl there was a clear distinction with 1.49 µg ± 
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0.03 grafted antibody on AEMA-grafted surfaces compared to 0.72 µg ± 0.09 on unmodified 
PCL surfaces. However, this non-specific grafted amount was higher than desired. Therefore, 
none of the secondary antibody concentrations was selected within the ionic model for 
further experiments which corresponded to the conclusions made based on the XPS results. 
Most probably, the negative results within the ionic model are related to the charge of the 
antibodies at physiological pH. Since the isoelectric point of the applied secondary 
antibodies was not known, these molecules were possibly not negatively charged and were 
not able to obtain sufficient ionic interactions with the positively charged amine groups of 
AEMA.    
        
 
Figure 6.6. The amount (µg) of grafted secondary antibody on ( ) PCL-AEMA and ( ) unmodified PCL 2D 
surfaces (diameter 10 mm) after ionic immobilization. The results represent the average of three 
measurements whereas the error bars represent the standard deviations. 
 
Figure 6.7 depicts the amount of immobilized secondary antibody for the covalent model. 
Comparable to the ionic model, immobilization of the 0.0021 µg/µl solution was not 
successful since this concentration was presumably too low for a sufficient deposition. 
Additionally, 0.0168 µg/µl provided PCL surfaces without AEMA grafting with an average of 
0.79 µg ± 0.15 grafted antibody which was comparable to the 0.72 µg ± 0.09 in the ionic 
model. Therefore, the same conclusion was made as for the ionic model. Hence, both 0.0021 
µg/µl and 0.0168 µg/µl concentrations were excluded within the covalent model for further 
experiments. On the contrary, the 0.0042 µg/µl and 0.0084 µg/µl solutions demonstrated a 
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clear difference between PCL surfaces with and without prior AEMA grafting. The 0.0042 
µg/µl concentration resulted in an approximately fortyfold higher amount of grafted 
antibody on AEMA-grafted surfaces, whereas this was a twentyfold difference for 0.0084 
µg/µl. Since the combination of a clear distinction between non-specific/specific 
immobilization and an as high as possible amount of grafted secondary antibody was 
desired, combined with the above described XPS results, the concentration of 0.0084 µg/µl 
was selected within the covalent model for transfer towards the 3D PCL scaffolds.  
 
Figure 6.7. The amount (µg) of grafted secondary antibody on ( ) PCL-AEMA and ( ) unmodified PCL 2D 
surfaces (diameter 10 mm) after covalent immobilization. The results represent the average of three 
measurements whereas the error bars represent the standard deviations. 
 
When comparing the results obtained by XPS and radiolabeling analysis for secondary 
antibody deposition on 2D surfaces, higher amounts of antibodies were calculated through 
radiolabeling. Most likely, this is related with the basics of the techniques since XPS 
measures only one thin surface layer whereas radiolabeling analysis provides information 
concerning the complete amount of antibody present on the surface.  
 
For the final application it is important to have a stable antibody deposition in terms of 
robustness of the new SPE sorbents. For this reason and to further support the choice of the 
covalent immobilization model, a 24 h decay study revealed that the radioactivity of all 
samples within the ionic model decreased with 14.2 ± 4.6 % compared to the covalent 
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samples which remained constant. This indicated that the immobilization in the ionic model 
was not sufficiently stable. Therefore, this illustrated once more that this model was not 
adequate for the final intended SPE application in which it is desired to preserve the 
antibody immobilization and binding properties for a longer period in time.  
 
5.  Conclusion  
 
Secondary rabbit anti-mouse antibodies were successfully immobilized onto 2D PCL surfaces 
by applying the AEMA grafting technique. In a first step, the presence of AEMA molecules on 
PCL was confirmed as an increase in hydrophilicity by SCA and the detection of nitrogen 
atoms by XPS analysis. Next, the ionic and covalent immobilization models for secondary 
antibodies were investigated in which four different concentrations were tested. The 
combination of XPS and radiolabeling results indicated an inefficient immobilization when 
using the ionic model. More specifically, XPS showed high variabilities for both specific and 
non-specific surfaces and the non-specific amount of grafted antibody was high as illustrated 
by the radiolabeling results. Furthermore, interactions originating from ionic immobilization 
appeared to be unstable. Since in the covalent model the 0.0084 µg/µl antibody solution 
resulted in the highest absolute nitrogen percentage (10.13 % ± 0.37) (XPS) and a twentyfold 
difference between the non-specific and specific grafted amount of antibody was 
distinguished (radiolabeling), these parameters were selected. Subsequently, covalent 
immobilization of a 0.0084 µg/µl secondary antibody solution will be transferred to the 3D 
antibody SPE application to investigate the affinity and rebinding potential of this new 
sorbent for the detection of DON (Chapter 7).       
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1.  Antibody loaded porous scaffolds as new SPE application 
As previously described in Chapter 1, antibodies are still the gold standard used in mycotoxin 
analysis. However, the use of cyanogen bromide for the preparation of immunosorbents is 
questionable. Therefore, this research aimed the development of a new type of SPE sorbent 
based on antibody loaded porous scaffolds. Similar to the immobilization of MIP on 3D 
scaffolds (see Chapter 5), porous PCL scaffolds were produced by the BioplotterTM technology 
as antibody carrier structures. Furthermore, secondary antibodies were immobilized based on 
the optimal parameters defined by 2D investigation (see Chapter 6). In a final step, anti-
deoxynivalenol (DON) antibodies were added to evaluate recognition of DON.  
 
2.  Materials and experimental setup  
2.1. Materials 
In-house developed and produced monoclonal anti-DON antibodies derived from a DON-CDI-
BSA immunogen were used [1]. Polyclonal rabbit anti-mouse IgG immunoglobulins (2.1 g/l) 
were obtained from Dako Cytomation (Glostrup, Denmark). 2-Aminoethylmetacrylate (AEMA) 
was purchased from Polysciences Europe GmbH (Hirschberg, Germany). 1-Ethyl-3-(3-
dimethylaminopropyl)-carbodiimide (EDC), phosphate buffered saline (PBS) powder, and DON 
and de-epoxy deoxynivalenol (DOM) standards were acquired from Sigma-Aldrich (Bornem, 
Belgium). Radioactive Iodine (123I) was supplied by PerkinElmer, Inc. (Massachusetts, USA). 
Methanol (MeOH) HiPerSolv was obtained from VWR International (Leuven, Belgium). LC-
MS/MS grade MeOH and acetic acid 99 % were bought from Biosolve (Valkenswaard, The 
Netherlands). Ultrapure MilliQ water was obtained by a Milli-Q gradient system of Millipore 
(Brussels, Belgium). 
 
2.2. Experimental setup  
2.2.1. Immobilization of secondary antibodies by the covalent model on 3D scaffolds  
3D PCL scaffolds were exposed to Argon plasma (30s, 100W, 0.8 mbar) followed by 10’ 
exposure to air. During this period a 1 M AEMA solution was prepared. Scaffolds were added 
to the AEMA solution and vacuum was applied to fill the pores. Subsequently, scaffolds were 
left inside the AEMA solution and placed under UV-A without filter for 60’ (lamp distance 10 
cm, λMAX = 350 nm). After 1h, the samples were thoroughly rinsed by shaking with several 
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changes of MilliQ and finally shaken overnight. Next, the scaffolds were dried overnight in the 
vacuum oven at room temperature. Covalent antibody immobilization onto the 3D structures 
was performed with 10 ml of a 0.0084 µg/µl secondary antibody solution (stock 2.1 g/l) in 
degassed MilliQ at room temperature. Vacuum was applied to ensure complete filling of the 
pores. After 1h, 500 µl of a 1 mg/ml EDC solution was added to the reaction with subsequent 
vacuum application and 4h incubation at room temperature. The scaffolds were washed 
thoroughly and shaken with several changes of MilliQ water. Next, incubation in MilliQ water 
took place overnight at 37°C. Finally, all scaffolds were dried at room temperature. Negative 
control PCL scaffolds without AEMA but with plasma treatment were also incubated in 
antibody solution.     
 
2.2.2. Characterization of secondary antibodies on 3D PCL  
Similar to 2D characterization, the 3D model was investigated in radiolabeling studies. The 
secondary antibodies were labeled with radioactive Iodine (123I) prior to their application to 
the 3D scaffold by using the covalent model. More specifically, I+ is able to label aromatic 
groups of certain amino acids such as tyrosine and histidine by an electrophilic aromatic 
substitution reaction. Subsequently, the specific activity (SA) (Ci/g) was calculated by dividing 
the starting activity of the antibody solution (mCi) by the mass of the antibodies (mg) used for 
radiolabeling. After immobilization, the total activity of each sample (µCi) was evaluated by 
the radioactivity measuring device (Capintec CRC®-15R, Capintec Instruments, Pittsburgh, 
USA). Next, µCT/SPECT (U-SPECT-II/CT, MiLabs, Utrecht, The Netherlands) imaging was 
performed to provide quantitative information concerning 3D distribution of antibodies on 
the PCL scaffolds. More details on this imaging technique are described by Kersemans et al. 
[2]. Briefly, a 0.35 collimator was used which contains 75 pinholes of 0.35 mm and therefore 
a spatial resolution of 0.35 mm was obtained. The scanned field-of-view was 27 x 22 x 38 mm 
in X-Y-Z direction respectively which was achieved by using 10 bed positions. The scan time of 
each bed position acquisition was 24’ which correlates with a total scan time of 4h. Data were 
recorded in list mode and only photons of 140 keV ± 20 % were selected. Next, reconstruction 
of the scaffolds was performed with ordered subsets expectation maximization (OS-EM) to 
accelerate image reconstruction. Six iterations in combination with 16 subsets were used and 
the voxel size in the reconstructed images was 0.75 mm. Measurements of the activity present 
on the PCL scaffolds in a dose calibrator were subsequently followed by determination of the 
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3D activity distribution which was obtained by drawing volumes of interest (VOI) by using the 
medical imaging data analysis program Amide (VA Linux Systems, Fremont, California). For 
each scaffold 26 VOI were defined of 0.031 cm³. The resulting area-under-the-curve values for 
each VOI were normalized by multiplying with the total activity of the scaffold and 
subsequently dividing by the area-under-curve for the whole scaffold (sum of all VOI). This 
corresponds with the value for the actual activity of each VOI (µCi). Consequently, the amount 
of radioactive labeled secondary antibody (µg) could quantitatively be calculated by dividing 
the calculated activity (µCi) by the SA (µCi/µg). Finally, the results from the above described 
calculations were compared to the values for three reference regions per scaffold of 
approximately 0.031 cm³ to investigate possible variation within the center of a certain 3D 
structure and corresponding reproducibility. The reported results represent the average value 
of three independent samples for each condition. 
 
2.2.3. DON SPE application based on antibody-loaded PCL scaffolds  
3D PCL scaffolds containing immobilized secondary antibodies were placed in empty SPE 
cartridges and conditioned with 2 ml of PBS buffer (0.01 M). Next, 400 µl of a 30 µg/ml anti-
DON antibody solution in PBS was added, followed by 30’ incubation. After washing with 3 x 
2 ml of PBS buffer, 300 µl or 1200 µL of DON standard (10 µg/ml in PBS) was brought onto the 
columns. After 30’ incubation the scaffolds were again washed with 3 x 2 ml PBS. 
Subsequently, DON was eluted from the columns by 3 ml methanol. From each eluate, 500 µl 
was transferred to centrifugal filters (17968 g, 5’) and 200 µl thereof was dried under nitrogen 
(40°C). Prior to LC-MS/MS analysis by a XevoTQ-S (Waters, Milford, MA, USA), all samples were 
reconstituted in 200 µl [H2O+ 0.1 % acetic acid] / [MeOH + 0.1% acetic acid] (40/60) and spiked 
with 40 µl of a DOM internal standard (5 µg/ml). Additionally, a 5 point calibration curve for 
DON (1µg/ml – 13 µg/ml) was prepared in PBS and analyzed, as well as the loading and 
washing eluents. Samples were analyzed by using an Acquity UPLC® HSS T3 column (2.1 mm x 
100 mm x 1.8 µm, Waters, Milford, MA, USA) and mobile phases A (H2O + 0.1 % acetic acid) 
and B (MeOH + 0.1 % acetic acid) in a gradient elution format ( 0’ 40 % A, 2’ 20 % A and 3’ 40 % 
A). A flow rate of 0.3 ml/min and an injection volume of 10 µl were applied.    
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Several negative control scaffolds such as unmodified PCL, PCL AEMA without secondary 
antibodies and PCL secondary antibodies without AEMA were compared with the scaffolds 
which consisted of PCL AEMA secondary antibodies. This experimental setup for analyzing the 
DON binding potential of the antibody loaded PCL scaffolds is depicted in Figure 7.1. Binding 
of DON by the negative control scaffolds was expected to be absent or as low as possible.   
 
 
Figure 7.1. Experimental setup to study DON binding potential of PCL AEMA secondary antibody scaffolds, 
compared with unmodified PCL, PCL AEMA and PCL secondary antibody scaffolds. In a first step anti-DON 
antibodies were added with exception for the first PCL column. In a second step, DON was added  
to all columns. 
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3.  Immobilization of secondary antibodies on 3D PCL scaffolds  
 
The covalent immobilization of the selected 0.0084 µg/µl secondary antibody solution on PCL 
scaffolds was evaluated by radiolabeling analysis. Hereto, 3D PCL scaffolds were grafted with 
AEMA and subsequently immobilized with a 0.0084 µg/µl secondary antibody concentration. 
To study non-specific deposition of the secondary antibodies on the 3D structures, control 
scaffolds without AEMA were analyzed as well. The amount and location of grafted secondary 
antibodies on 3D PCL scaffolds was determined by performing µCT-SPECT analysis. Figure 7.2 
shows the amount of grafted secondary antibodies for each of the 26 sections in which the 
scaffolds were divided. The presented results indicated that the amount of immobilized 
secondary antibodies was higher over the full volume of the scaffolds when AEMA grafting 
was applied. More specifically, scaffolds which did not receive prior AEMA grafting exhibited 
a total average of 5.89 ± 0.42 µg grafted antibody, whereas this was 11.74 ± 0.10 µg for PCL-
AEMA grafted scaffolds. Consequently, this resulted in a yield of only 41.93 % for specific 
immobilization of the secondary antibodies according to the hypothesis that all initial 
antibodies were radioactively labeled. Figure 7.2 also reveals higher secondary antibody 
deposition on the edges of PCL AEMA scaffolds and subsequent decay when moving towards 
the more central parts in the scaffolds. Additionally, the values of the sections located towards 
the outside of the scaffolds were characterized by a higher variability, ranging from 10 to 19 %, 
compared to the amounts grafted inside the scaffolds. Most probably, this difference between 
the center and the edges of the scaffolds occurred due to a higher AEMA modification of the 
edges which is related with the grafting protocol. More specifically, during the grafting process 
the plasma-treated scaffolds were placed in the AEMA solution after which vacuum was 
applied. The small timeframe between adding the scaffolds and applying vacuum was 
potentially sufficient to start already grafting on the edges. Consequently, this resulted in a 
higher amount of amine groups after grafting on these parts of the scaffolds compared to the 
more central parts. Subsequently, more secondary antibodies were immobilized towards the 
outside of the scaffolds.  
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Figure 7.2. The amount (µg) of grafted secondary antibody on ( ) PCL AEMA and ( ) unmodified PCL 3D 
scaffolds (height 10 mm, diameter 9 mm) throughout the different scaffold sections after covalent 
immobilization of a 0.0084 µg/µl solution. The results represent the average of three measurements for each 
volume of interest (VOI) whereas the error bars represent the standard deviations. 
 
For a more in-depth investigation regarding homogenous immobilization of secondary 
antibodies within the center of the scaffolds, reference regions were drawn in the center to 
exclude the effect of the irregular edges of the complete scaffold. The calculated amount of 
immobilized antibody for each reference region was afterwards normalized relative to the 
volume of the cylinder VOI study slices. For three reference regions of PCL AEMA scaffolds an 
average value of 0.541 ± 0.028 µg was calculated which indicated a variation of 5.24 %. 
Consequently, the activity and corresponding secondary antibody deposition within the 
center of the scaffolds was divided with an acceptable homogeneity. Reference regions of 
unmodified PCL scaffolds incubated with secondary antibodies showed an average value of 
0.259 ± 0.019 µg which represented a 7.19 % variation. Based on these results, it could be 
concluded that the specific deposition of secondary antibodies in the central part of PCL 
scaffolds had an acceptable variation and reproducibility and was clearly distinguishable from 
non-specific immobilization.  
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In addition to the above described measurements and calculations concerning the 
radioactivity and related secondary antibody amount after immobilization on 3D structures, 
visualization of the location of the radioactivity throughout the scaffold structures was also 
obtained by µCT-SPECT analysis. An overlay of a morphological µCT (60 %) and a functional 
SPECT image (40 %) was reconstructed to obtain a 3D image of the scaffolds in which red 
regions are correlated with high activity, whereas blue regions are characterized by low 
activity. Figures 7.3 and 7.4 show a clear visual difference between PCL scaffolds with and 
without prior AEMA grafting. PCL AEMA scaffolds were characterized by a higher radioactivity 
which was in correspondence to the above described actual calculated amount of grafted 
antibodies. The observation concerning the higher amount of radioactivity towards the edges 
of the PCL AEMA scaffolds was visualized as well by the higher reddish coloration thereof 
(Figure 7.3). Additionally, the radioactivity and thus the corresponding antibodies were 
located on the pores of the scaffold which indicated a successful and specific immobilization 
of the 0.084 µg/µl solution on the 3D PCL scaffolds.  
 
                                    A                                                   B    
 
Figure 7.3. µCT-SPECT images of AEMA grafted PCL scaffolds on which a 0.0084 µg/µl secondary antibody 
solution was immobilized. View on the edge (A), in the center (B) and the outer side of complete scaffolds (C-
D). High activity regions are colored red, whereas low activity regions are colored blue. 
 
 
 
C D 
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                                    A                                                  B    
 
Figure 7.4. µCT-SPECT image of PCL scaffolds on which a 0.0084 µg/µl secondary antibody solution was 
immobilized. View on the edge (A) and the outer side of complete scaffolds (B-C). High activity regions are 
colored red, whereas low activity regions are colored blue. 
 
4.  DON SPE based on loaded PCL scaffolds 
 
As described above (see § 3), secondary antibodies were successfully immobilized on the 3D 
porous PCL scaffolds by the AEMA grafting technology. Their presence was confirmed and a 
higher amount of secondary antibodies was present on the AEMA grafted scaffolds compared 
to the non-specific ones. Importantly, the amount of secondary antibodies does not reflects 
the binding potential of primary anti-DON antibodies in the final SPE column. However, in case 
too little antibodies are present, the amount of DON captured by the sorbent can be below 
the detection limit of the LC-MS/MS method. Consequently, recognition of DON by this new 
type of SPE columns needed to be investigated. Hereto, several negative controls and specific 
DON columns were prepared and treated according to the different SPE steps. The first 
column consisted of a unmodified PCL* scaffold which only received DON and no primary anti-
DON antibodies. Three other negative control columns consisted of unmodified PCL, PCL 
AEMA and PCL secondary antibodies and were treated with both anti-DON antibodies and 
DON. Additionally, DON specific columns based on PCL AEMA secondary antibody loaded 
scaffolds followed the same SPE procedure. It was expected that the anti-DON antibodies in 
C 
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the negative controls were washed out and consequently no or a low amount of DON was 
retained by those SPE sorbents.  
 
In a first experiment, 1200 µl of a 10 µg/ml DON solution was added to the different scaffolds. 
The recovery percentages, measured by LC-MS/MS, after each SPE step are presented in 
Figure 7.5. As can be observed for all scaffolds, the largest part of DON could be found in the 
samples obtained after the loading step. Additionally, an important fraction of the DON 
amount was also lost during the washing steps. The DON recovery percentage for the specific 
columns did not exceed 1.66 %. Remarkably, 80.83 – 92.89 % of total DON was eluted from 
the negative control columns during the three SPE steps, whereas this was only 65.60 % for 
the specific DON columns. However, it is unlikely that MeOH was unable to elute DON from 
the specific scaffolds since this solvent is able to interfere with the antigen-antibody 
interactions. The large amount of DON lost during both loading and washing steps could 
possibly be related to an excess amount of DON spiked onto the columns and a subsequent 
saturation of the DON binding sides. Therefore, the above described experiment was repeated 
by using a lower amount of DON which was spiked onto the columns.  
 
 
Figure 7.5. DON recovery percentages for loading, washing and elution steps after spiking with 1200 µl of a 
10 µg/ml DON solution. In contrast to the other scaffolds, PCL * did not receive anti-DON antibodies. An 
important fraction of DON was lost during loading and washing. Functionalized scaffolds were not able to 
rebind DON more efficiently compared to the negative controls. Results represent data from one 
experiment.   
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The DON rebinding percentages after spiking of the columns with 300 µl of a 10 µg/ml DON 
are depicted in Figure 7.6. These data revealed recovery percentages of maximum 4.06 % in 
the loading step for all columns. This confirmed the saturation of the DON binding sites in the 
previous experiment in which a fourfold higher amount of DON was brought onto the 
columns. Similar to the results shown in Figure 7.5, loss of DON by all columns during washing 
was observed. All washing steps were characterized by high recovery percentages for DON 
ranging from 44.67 % to 60.88 % (Figure 7.6). In this respect, no relation with the type of 
sorbent (i.e. negative control or specific) was noted. Analysis of the elution steps indicated 
that the recovery percentage for the PCL AEMA secondary antibody columns was slightly 
higher compared to the negative controls (Figure 7.6). However, similar to the first 
experiment, this DON recovery percentage did not exceed 2.46 % which was too low for a 
sufficient DON capturing. Remarkably, in this experiment the total recovered DON percentage 
contained only 45.28 – 61.80 % for all columns which indicated once more the possibility that 
an important fraction of DON was still captured by the columns.  
 
Figure 7.6. DON recovery percentages for loading, washing and elution steps after spiking with 300 µl of a 10 
µg/ml DON solution. In contrast to the other scaffolds, PCL * did not receive anti-DON antibodies. An 
important fraction of DON was lost during washing. Functionalized scaffolds were not able to rebind DON 
more efficiently compared to the negative controls. Results represent data from one experiment.   
 
In conclusion, the binding potential of the proposed new type of DON SPE sorbents was not 
acceptable. The unexpected low DON recovery percentages could possibly be related to the 
low yield of secondary antibody deposition onto the scaffolds as earlier described (see § 3.). 
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Potentially, the amount of immobilized secondary antibodies and subsequent anti-DON 
antibodies was not sufficient for the rebinding of DON. However, the actual amount of 
antibodies does not necessarily corresponds with the affinity of the anti-DON antibodies. This 
indicates that the low yield obtained for secondary antibody immobilization is not the sole 
cause of the low DON rebinding percentages. In this respect, both the above described 
experiments observed that an important fraction of DON was still bound to the column. This 
indicated the possibility that the MeOH elution step was not sufficient for complete elution of 
DON from the columns, although this solvent is generally used for elution of DON in 
immunoaffinity columns [3-5]. Another possibility which could clarify the remaining DON 
fraction on the columns is the non-specific retention of DON molecules by the sorbents when 
both AEMA and secondary antibodies are present. Next to the remaining DON fraction on the 
columns, the loss of DON during the washing step is also an important observation for which 
various possibly explanations can be formulated. It can be expected that when the secondary 
antibodies are present in a correct orientation after immobilization on the PCL scaffolds, the 
Fc fragments of the primary antibodies will be recognized by these secondary antibodies. 
However, non-specific interactions between the anti-DON antibodies and the PCL scaffolds 
and/or free amine groups of AEMA can occur as well. In case these non-specific primary 
antibodies are able to capture DON, the possibility exists that during the washing step these 
specific recognition elements will be released from the scaffolds and subsequently DON is lost 
during the washing steps. Since both loading and washing were performed with PBS buffer, 
the loss of DON could be ascribed to the use of the same buffer in these two steps. Other 
washing procedures could be applied to reduce the release of DON during the washing steps. 
A more technical problem can be the fact that during the loading step the scaffold is not 
successfully perfused by the DON solution. Possibly, an important fraction of DON will only 
interact with the outer sides of the scaffolds resulting in an easier loss of DON during the 
washing step. Additionally, in case MeOH was not able to perfuse the scaffolds in a sufficient 
way, it is possible that an important fraction of DON remains on the columns. As described in 
this section, both anti-DON antibodies and DON molecules potentially interact with the 
scaffolds in a non-specific manner. These non-specific interactions can be a result from the 
absence of a blocking step prior to the immobilization of the secondary antibodies and/or 
adding anti-DON antibodies. A blocking step could possibly enhance the rebinding properties 
of the newly developed sorbents since this is often applied in immunoassays and ELISA 
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formats [1, 6]. Another hypothesis regarding the low affinity for DON of this sorbents is the 
incorrect orientation of the secondary antibodies during the immobilization with the AEMA 
groups on PCL. Although the C-terminus of antibodies is located on the Fc fragment and the 
EDC coupling technique is used to obtain a correct orientation of the deposited antibodies, it 
remains possible that the carboxyl groups of amino acids in the other parts of the antibody 
also interact with the primary amine functions. Consequently, this can lead to antibodies 
which are not bound through their C-terminus and could partly or completely lose their ability 
to recognize the Fc fragments of anti-DON antibodies. Hereto, it should be investigated 
whether the primary antibodies are actually present on the scaffolds after adding them to the 
PCL AEMA 0.0084 µg/µl functionalized scaffolds. Additionally, it is also possible that 
crosslinking occurs between antibodies due to the EDC coupling which could possibly impair 
their final functionality. As stated in this section, several opportunities for future optimization 
exist and will be described in the chapter ‘Broader international context, relevance and future 
perspectives’.        
 
5.  Conclusion 
 
A new SPE sorbent for the detection of DON based on antibody loaded porous PCL scaffolds 
by the AEMA grafting technology is proposed. The optimal 2D parameters for secondary 
antibody immobilization were applied on the 3D PCL scaffolds. More specifically, covalent 
immobilization of a 0.0084 µg/µl solution was shown to be successful through radiolabeling 
analysis. Despite the low yield of the immobilization process, the difference between the 
amount of secondary antibody immobilization on PCL scaffolds treated with AEMA was clearly 
higher compared to the non-specific immobilization. Additionally, the homogeneity of the 
antibody distribution in the center of the scaffolds was acceptable and antibodies were 
located on the pores of these carrier structures. However, this new SPE sorbent was not 
capable of sufficiently retaining and/or eluting DON. Several hypotheses were formulated to 
address the low rebinding potential of the new SPE sorbents. In conclusion, further 
optimization is still required to use this type of sorbents in new SPE applications for the 
detection of mycotoxins.   
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To improve mycotoxin analysis and purification prior to the standard LC-MS/MS methods, the 
use of porous PCL scaffolds as carriers for recognition elements in a new type of SPE 
application was proposed. Therefore, both antibodies and MIP were used for specific 
recognition of DON and ergot alkaloid mycotoxins respectively. Hereto, earlier developed anti-
DON antibodies were used and MIP with the desired morphological characteristics were 
successfully produced. MIP equilibrium and recovery experiments indicated a selective 
rebinding of the template metergoline, whereas this was not observed for the complete group 
of targeted ergot alkaloids. The best results with respect to the ergot alkaloid recovery 
percentages were obtained by using ACN/[KH2PO4/HCl]-buffer pH3 (80/20) as loading solvent. 
However, these MIP recoveries did not exceed an average value of 48.93 ± 6.73 %.   
 
Before moving towards 3D structures, both secondary antibodies and MIP were immobilized 
onto 2D PCL substrates. On the one hand, a 7.5 w% PF127-BMA hydrogel layer was able to 
successfully immobilize the sub-micrometer sized MIP as was evaluated by SCA, SEM and 
depth profiling analysis. On the other hand, XPS and radiolabeling analysis defined the 
covalent model for immobilization of a 0.0084 µg/µl solution of secondary antibodies as the 
most successful procedure following AEMA grafting of PCL surfaces. Subsequently, these 
optimal 2D immobilization parameters for secondary antibodies and MIP were selected for 
transfer to 3D PCL scaffolds. For both recognition elements the immobilization was confirmed 
by techniques such as microscopy (MIP) and radiolabeling (antibodies) analysis. However, 
transfer to the 3D format was not as successful as initially anticipated with respect to the 
affinity of the new sorbents towards mycotoxins. It appeared that a sufficient immobilization 
did not automatically result in the conservation of the functionality of the recognition 
elements. The MIP 3D SPE sorbents revealed a higher rebinding of metergoline compared to 
the negative controls although this equaled only 44.87 ± 8.30 %. In case of ergot alkaloid 
rebinding, no specific capturing of these mycotoxins by the MIP sorbents was noted. 
Additionally, no anticipated result regarding specific binding of DON was obtained from the 
SPE experiments with the antibody loaded porous scaffolds. Related to the affinity problems 
which were observed for both the MIP and antibody functionalized scaffolds, several 
hypotheses were formulated which can be addressed in future research. These suggestions 
could clarify the low rebinding characteristics for the mycotoxin molecules, although these 
recognition elements were confirmed to be present on the 3D structures.  
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In conclusion, the preservation of the binding characteristics of recognition elements 
remained uncertain when immobilizing them with the hydrogel network or AEMA grafting 
technology. More in-depth optimization and research is required to ensure the affinity of the 
immobilized recognition elements. Once MIP and antibodies are capable of capturing 
mycotoxins in a selective manner and thus maintain their affinity, these new SPE sorbents 
could be applied in mycotoxin analysis.  
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1.  Broader international context and relevance 
 
The toxic effects of mycotoxins on human and animal health are well-described and 
authorities such as the European Food Safety Agency (EFSA) as well as the European 
Commission recognize the importance of performing research for development of 
performant techniques to be able to execute risk analysis and finally set maximum levels for 
these contaminants to guarantee food and feed safety. In this respect, EFSA also published 
opinions with respect to maximum levels for the ergot alkaloids and deoxynivalenol (DON) 
[1, 2]. In 2012, EFSA formulated a scientific opinion on ergot alkaloids in food and feed 
considering in total 20558 analytical results obtained in 1716 food, 496 feed and 67 
unprocessed grain samples. The EFSA Panel on Contaminants in the Food Chain based the 
risk assessment on the six major ergot alkaloids and their epimers which were targeted in 
this PhD work: ergometrin(in)e, ergotamin(in)e, ergosin(in)e, ergocristin(in)e, 
ergocryptin(in)e and ergocornin(in)e. Both chronic and acute exposure for various age 
groups across European countries were estimated. Consequently, a group acute reference 
dose of 1 μg/kg body weight and a group tolerable daily intake of 0.6 μg/kg body weight per 
day were established. [1] With respect to DON, another EFSA opinion proposed a tolerable 
daily intake of 1 µg/kg body weight/day [2]. Next to these levels, various preventive actions 
such as crop rotation and sorting systems are proposed as well to reduce mycotoxin 
contamination. However, these actions are not sufficient since mycotoxin concentrations do 
not always comply with the European maximum limits. For example, in 2015 and the first 
half of 2016 the European Rapid Alert System for Food and Feed registered 612 notifications 
regarding mycotoxin exceedance in food and feed leading to border rejections [3]. Not only 
in Europe or developing countries but in the whole world mycotoxins are a serious threat to 
the agro-industry which makes it a universal problem [4]. Mycotoxin contaminations can 
occur during the whole food and feed chain from field to final products and thus influence 
export, decrease the animal stock and agricultural products which can result in serious 
economic losses [5]. Therefore, in various food and feed companies mycotoxin analysis 
became routine and an important part of the quality management system. Historically, 
mycotoxin analysis consists of rapid screening and confirmation methods usually detecting 
only one analyte. However, samples are usually contaminated with different mycotoxins 
which indicates the need for new and efficient multi-mycotoxin methods. These methods 
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require a compromise for the purification and detection of different mycotoxins since multi-
methods cannot meet the optimal parameters for each mycotoxin separately. Consequently, 
the performance of the techniques can negatively be influenced by the multiplex detection. 
Rapid tests usually apply specific recognition elements which was previously not the case in 
the often used non-specific SPE columns, except for the immunoaffinity columns (IAC). 
Increasingly, new sample purification techniques also use recognition elements such as 
antibodies and MIP. Although antibodies are the gold standard in mycotoxin analysis due to 
their high specificity, their disadvantages regarding stability, ethical concerns and difficulties 
to produce immunogens result in the additional application of the synthetic MIP. Generally, 
MIP are easy to produce, stable and less expensive compared to antibodies.       
 
The persistent interest in developing new methods for mycotoxin analysis becomes clear 
when looking into recent literature. New SPE methods using for example magnetic MIP or 
multi-walled carbon nanotubes have been described [6-9]. Furthermore, various new sensor 
applications for the detection of mycotoxins such as SPR and electrochemical sensors were 
recently developed [10-13]. Additionally, the focus of mycotoxin research expanded towards 
analysis of modified mycotoxins and biomarkers of exposure. Mycotoxins can be biologically 
or chemically modified leading to for example hydrolysis, acetylation, glucosidation and 
sulphatation [14]. It is important to study these mycotoxin forms as well to obtain the 
complete picture of the amount of mycotoxins present in food and feed samples, since these 
modified forms can also be found in contaminated samples [15]. The usefulness of 
developing analytical methods and performing mycotoxin research to maintain human 
health is clearly demonstrated by the finding that DON was detected in 70 % of all morning 
urine samples collected from Belgian adults and in 37 % of samples from children [16]. 
Importantly, the tolerable daily intake for DON was exceeded in 16-69 % of the population. 
Moreover, in total 9 of 33 analyzed mycotoxin biomarkers were detected in which DON-15-
glucuronide was the main urinary biomarker for DON and was found in ng/ml range in all 
urine samples. These results clearly demonstrate the risk of mycotoxin exposure in our daily 
life, even in Belgium and not only in developing countries. The continuation of mycotoxin 
research is thus necessary to guarantee food and feed safety and subsequent human and 
animal health.     
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Since the existing commercially available rapid tests and purification methods prior to LC-
MS/MS analysis are characterized by several disadvantages and limitations, this project 
aimed to develop more performant analytical tools and methods for multi-mycotoxin 
analysis by using antibody and MIP loaded porous scaffolds as tailor-made and combinable 
modular systems. Not only the food and feed sector can profit from new performant 
analytical techniques but also the diagnostic sector. More specifically, these techniques can 
be used in a broader setting dependent on the availability of suitable recognition elements 
for the target analytes. For example, the proposed SPE sorbents can be applied for other 
food and feed contaminants and possibly for clinical analysis as well.  
 
2.  Future perspectives 
 
Within this research full optimization of a new type of MIP and antibody loaded PCL scaffold 
sorbents was not achieved. Since this project was initially started to obtain a new type of SPE 
sorbents to be applied in mycotoxin analysis, several future research strategies can be 
formulated to finally result in an applicable SPE purification step. With respect to the MIP 
recognition elements, equilibrium and recovery experiments indicated that MIP were 
capable of rebinding metergoline more efficiently compared to NIP whereas this was not 
obtained for the (complete) group of ergot alkaloids when using various loading solvents 
(see Chapter 3 § 5.4. and 5.5.). Additionally, although the MIP scaffold sorbents were 
capable of specific rebinding of metergoline, the rebinding percentage was not as high as 
desired with respect to a previously optimized MISPE application for ergot alkaloids (56 – 79 
%) [17]. These observations indicate the possibility that metergoline was not the optimal 
template for the production of MIP. To address the observed MIP affinity problems for ergot 
alkaloids, the use of a mixture of the targeted ergot alkaloids as templates could possibly 
improve the affinity of the MIP for the ergot alkaloids. The polymerization temperature is 
another parameter within the precipitation protocol which can be adapted. As indicated 
before (see Chapter 3 § 3.2.), precipitation polymerization is often performed at 60°C for a 
thermal initiation of the reaction by AIBN [18-21]. Therefore, it is suggested to perform the 
precipitation polymerization at 60°C, without UV irradiation, by using AIBN as initiator. 
Moreover, additional purification of the MIP particles could also be investigated to enhance 
the affinity of the MIP particles. Regarding the immobilization of MIP, another aspect which 
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can be studied is the MIP concentration on the 2D surfaces and 3D scaffolds. Deposition of 
less or more particles will have an effect on the binding and affinity characteristics of the 
particles and therefore the performance of the SPE column. When moving towards the 
actual SPE protocol, experiments can be performed using the ACN/[KH2PO4/HCl]-buffer pH3 
(80/20) as loading solvent in the SPE application, since this buffer-based solvent led to the 
most successful recovery values of the MIP for ergot alkaloid recognition. Furthermore, 
additional investigation regarding the use of an alternative washing solvent can be 
performed as well since the use of water could result in swelling of the hydrogel layer and 
influence the successful elution of target analytes. Additionally, the non-specific binding of 
mycotoxins with the hydrogel layer can possibly be reduced by using only polyethylene oxide 
(PEO) instead of a combination with polypropylene oxide (PPO) which is the case in the 
applied PF127-BMA hydrogel. More specifically, PEO is known to reduce non-specific 
interactions [22, 23]. Finally, other well-investigated MIP with higher recovery values for the 
ergot alkaloids or other mycotoxins could be immobilized onto the 3D scaffolds to study the 
potential of the hydrogel immobilization technique and the applied SPE procedure.  
 
Similar to the MIP sorbents, the antibody functionalized PCL scaffolds also require 
optimization before they can be applied as SPE sorbents. Hereto, various opportunities exist 
for future research to improve the affinity of these sorbents for the target molecules. Since it 
was stated that the secondary antibodies were possibly incorrectly oriented, 
characterization techniques determining the layer thickness or surface topology can be 
applied to reveal the actual positioning of these recognition elements [24]. Additionally, 
radiolabeling of the primary anti-DON antibodies and subsequently adding them to the 
functionalized scaffolds will allow to determine whether the secondary antibodies were 
immobilized with a correct orientation and are still able to recognize the primary antibodies. 
In case the secondary antibodies are not correctly positioned, other immobilization 
techniques than the EDC coupling have been described to obtain an oriented immobilization 
of antibodies [25, 26]. Subsequently, this can improve the final affinity characteristics of the 
antibody functionalized scaffolds. With respect to the final antibody sorbent, the application 
of a blocking step could possibly enhance the rebinding properties since this is often applied 
in immunoassays and ELISA formats (see Chapter 7 § 4.) [27, 28]. For example, casein, 
skimmed milk or glycine are possible blocking agents which could reduce the non-specific 
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interactions of the antibody 3D scaffolds when using them in SPE [27, 28]. Finally, in the 
described SPE procedure PBS was used as both loading and washing solvent (see Chapter 7 § 
2.2.3.). Therefore, other washing strategies could be tested such as the earlier described use 
of water or a combination of PBS and water [28-30]. 
 
In conclusion, for both MIP and antibody sorbents more optimization is required before they 
can be applied in the proposed new type of SPE sorbents for multi-mycotoxin analysis. 
Hereto, the above described future research steps indicate there is still a wide range of 
opportunities to finally obtain new SPE sorbents. Additionally, after optimization of the 3D 
antibody sorbents for SPE, the stability of the immobilization needs to be investigated. Both 
dry and wet preservation on room temperature, 4°C and 37°C requires investigation. Hereto, 
decay studies by radiolabeling analysis can be performed. Investigation regarding the limit of 
reusability of the MIP sorbents is important as well. Moreover, the reproducibility of the SPE 
process in which antibody and MIP loaded scaffolds will be used needs to be studied. 
Furthermore, not only the above mentioned non-specific interactions between the 
mycotoxins and the sorbents require evaluation. With respect to real sample purification, 
which is obviously the final goal of these SPE applications, non-specific binding of the matrix 
components should be avoided as well when moving towards complex food and feed 
samples. Once optimization is performed, the loaded PCL scaffolds can be applied for other 
future research purposes and strategies.  
 
Combination of several scaffolds with antibodies or MIP recognizing different mycotoxins is 
possible to move towards multi-mycotoxin SPE. Hereto, several modules can be placed in 
layers in one SPE column and can be combined with a non-loaded module which strengthens 
the purification potential of the column by retaining compounds such as proteins, fats and 
coloring agents present in food or feed samples (Figure 1). Additionally, different modules 
will be provided inside one SPE column by covering each scaffold produced by the 
BioplotterTM technology with a layer of polymer fibers produced by electrospinning. In this 
technique a polymer solution is exposed to an electric field resulting in polymer fibers of 
nano- or micrometer size which can be deposited on the scaffolds.  
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Figure 1. Representation of possible SPE configurations for purification of food or feed samples. (1) one MIP 
or antibody loaded module, (2) two MIP or antibody loaded modules and (3) two MIP or antibody loaded 
modules combined with one non-loaded module. 
 
In general, SPE columns are used off-line prior to injection of the purified samples into the 
equipment used in confirmation methods such as the liquid chromatograph. However, such 
sorbents can also be used on-line, for example coupled to an LC. Off-line application requires 
repetitive manual operations which makes this process time-consuming. On the contrary, 
on-line analysis uses an automated system of loading, washing and elution which results in 
reduction of analysis time, solvent consumption, contamination, loss of analytes and in an 
increase in sensitivity, accuracy and precision [31]. Several examples of MISPE and IAC 
sorbents used in on-line analysis have already been described [32-41]. Regarding food 
products, on-line methods for caffeine in coffee and drinks [42], ochratoxin A in milk [43] 
and aflatoxin M1 in milk and dairy products [44] are described. To obtain online SPE based 
on MIP, two different methods are described for packing these polymers in an on-line SPE 
column: (i) slurry packing and (ii) in-situ polymerization. The former uses MIP which are 
previously swollen in methanol and subsequently packed in a pre-column [45]. The latter is 
performed in stainless steel columns to obtain monolithic on-line columns [46-49]. On-line 
coupling of SPE and LC is possible through column switching by using a switching valve [31].  
 
The main objective of this research targets the development of more performant analytical 
methods for rapid, sensitive and reliable multi-mycotoxin analysis. As investigated, this can 
be done by a new type of SPE sorbent which can be used as sample purification technique 
prior to quantitative LC-MS/MS analysis. However, the PCL scaffolds loaded with antibodies 
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and MIP as recognition elements can also be used in new screening methods. The use of MIP 
in rapid screening tests is rather limited since the low but toxic concentrations in which most 
mycotoxins are present pose big challenges for the development of on-field rapid tests. 
Hereto, the combination of MIP or antibodies with quantum dots (QD) provides the 
possibility to develop rapid tests which can be applied to the presented scaffold format [50-
52]. Therefore, mycotoxins need to be coupled to QD since the antibodies and MIP 
recognition elements are immobilized on the PCL scaffolds. QD coated with functional 
groups such as carboxyl or amine groups provide the possibility of conjugating them with 
mycotoxin molecules. Consequently, QD of different sizes each corresponding with a certain 
color can be coupled to different target mycotoxins. If no mycotoxins are present in the 
sample, these mycotoxin-QD conjugates can interact with the specific recognition elements 
present in separate modules in the columns leading to specific colors for different layers. 
Consequently, after binding of the mycotoxin conjugates with the specific recognition 
elements their presence can be qualitatively visualized in relation to a specific cut-off value. 
If the mycotoxin level of the sample exceeds this cut-off, no mycotoxin-QD complexes can 
interact with the column and no signal will be detected. The principle of such an 
antibody/MIP-QD rapid test based on the loaded scaffolds is displayed in Figure 2. 
Alternatively, QD can also be bound to the MIP recognition elements in two ways. First, 
incorporating separately produced MIP and QD in a polymer matrix allows optimization of 
both structures. After being produced they can be coupled to each other in such a way that 
QD luminescence will disappear upon binding of the target analyte to the MIP. Secondly, QD 
which contain functional groups can be coated with a MIP layer which is polymerized around 
the QD beads. Similarly, binding with the target analyte will decrease the visual QD signal. 
Since in the proposed new type of SPE application the recognition elements are immobilized 
onto the columns, this approach is less applicable in combination with the loaded porous 
scaffolds.  
  
Advantages of for example MIP-QD based rapid tests are the robustness, long shelf-life, the 
reusability and direct visualization of low concentrations of the target analyte(s) since QD 
labels allow sensitive and visual multiplex detection in complex food and feed matrices. 
Before using the antibody or MIP loaded porous scaffolds in QD based rapid tests, several 
parameters need to be optimized such as the QD concentration, analysis time and 
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temperature. Similar to the SPE application, in rapid tests a non-loaded module can be 
placed to retain interfering molecules such as proteins present in complex matrices. In 
conclusion, next to the SPE application, the proposed loaded scaffold format can serve in 
multi-mycotoxin rapid tests. Next to rapid tests, research regarding the use of MIP in 2D 
applications can be conducted in the format of (semi-) quantitative ELISA tests.  
 
 
Figure 2. Schematic representation of the proposed rapid multi-mycotoxin test based on antibody or MIP 
loaded porous PCL scaffolds. 1: the sample is added and when present, mycotoxins will interact with their 
specific recognition elements. 2: QD-mycotoxin conjugates are added to obtain a competitive assay.  
 
In conclusion, after final optimization and characterization, antibodies or MIP for different 
mycotoxins can be combined to develop new multi-mycotoxin screening tests and sample 
preparation methods by using SPE columns. Dependent on the desired combination and 
needs for specific matrices, different scaffolds can be combined. However, the above 
described new developed methods based on loaded scaffolds will also need to be applied for 
the analysis of spiked and actual contaminated food/feed samples. Next, validation and 
confirmation will take place according to reference LC-MS/MS methods and criteria 
described in the Commission Regulation 401/2006/EG and Decision 2002/657/EG [53-56]  
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Sarah, Dubruel Peter. Chemistry Conference for Young Scientists (ChemCYS), March 16-18, 
2016, Blankenberge, Belgium. 
MIP Loaded Porous Scaffolds for Multi-mycotoxin Analysis. De Middeleer Gilke, Dubruel 
Peter, De Saeger Sarah. The 6th Graduate Student Symposium on Molecular Imprinting, 
August 27-28, 2015, Medway School of Pharmacy, Kent, UK. 
Development of MIP-loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer 
Gilke, Lenain Pieterjan, De Saeger Sarah, Dubruel Peter. The 6th Mytox happening, March 
11th, 2015, Ghent, Belgium. 
Development of MIP-loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer 
Gilke, Lenain Pieterjan, De Saeger Sarah, Dubruel Peter. The 8th International Conference on 
Molecular Imprinting - MIP2014,  September 18-21, 2014, Jiangsu University, Zhenjiang, 
China.  
Development and validation of antibody- and MIP-loaded porous scaffolds for multi-
mycotoxin analysis. De Middeleer Gilke, Dubruel Peter, De Saeger Sarah. 7th Bio-Analysis 
Meeting, February 14, 2014, Ghent, Belgium.  
 
Poster presentations 
MIP Loaded porous scaffolds as SPE sorbent for ergot alkaloid analysis. De Middeleer Gilke, 
Dubruel Peter, De Saeger Sarah. The 9th International Conference on Molecular Imprinting - 
MIP2016,  June 26-30, 2016, Lund, Sweden.  
MIP Loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer Gilke, Dubruel 
Peter, De Saeger Sarah. KVCV - MS in food and feed II, September 15, 2015, Ghent, Belgium.  
MIP Loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer Gilke, De Rycke 
Esther, Thomas Lynn, Dubruel Peter, De Saeger Sarah. Studenten OnderzoeksSymposium – 
Mens en gezondheid, May 4, 2015, Ghent, Belgium.  
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MIP loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer Gilke, De Saeger 
Sarah, Dubruel Peter. Centre for Macromolecular Chemistry (CMAC) kick-off meeting, April 
17, 2015, Ghent, Belgium.  
MIP loaded porous scaffolds for multi-mycotoxin analysis. De Middeleer Gilke, Lenain 
Pieterjan, De Saeger Sarah, Dubruel Peter. Belgian Polymer Group meeting, May 19-20, 2014, 
Ghent, Belgium.  
Production of Molecularly Imprinted Polymer particles for multi-mycotoxin analysis. De 
Middeleer Gilke, Lenain Pieterjan, Dubruel Peter, De Saeger Sarah. Rapid Methods Europe 
(RME) Food Feed Water Analysis innovations and breakthroughs!, March 31 – April 02, 2014, 
Noordwijkerhout, the Netherlands.   
Production of MIP particles for multi-mycotoxin analysis. De Middeleer Gilke, Lenain 
Pieterjan, Dubruel Peter, De Saeger Sarah. KVCV - Trends in Food Analysis 2013 VII, 
September 19, 2013, Ghent, Belgium.   
Production of MIP particles for multi-mycotoxin analysis. De Middeleer Gilke, Lenain 
Pieterjan, Dubruel Peter, De Saeger Sarah. The 5th Graduate Student Symposium on 
Molecular Imprinting, August 15-17, 2013, Queen’s University,  Belfast, United Kingdom. 
 
Attended courses, seminars and trainings 
TechTranfer – Introductory course on TT skills. 10/11/2015 – 08/12/2015, UGent, Ghent, 
Belgium.  
Personal Effectiveness. 04, 11 and 18/06/2015, UGent, Ghent, Belgium.  
Intensive training on Mycotoxin Analysis – Short training initiative. 28/08-10/09/2014, 
UGent, Ghent, Belgium.  
3D Printing Materials Conference and exhibition. 20/06/2014, Geleen, the Netherlands. 
Advanced Academic English: Conference Skills - Academic Posters. 10 and 17/03/2014, 
UGent, Ghent, Belgium.  
Project Management. 14, 21 and 28/01/2014, UGent, Ghent, Belgium.  
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NB-photonics Seminars (6 seminars attended). Academic year 2013-2014, UGent, Ghent, 
Belgium.  
Symposium of the Scientific Committee of the Belgian Food Safety Agency – Risk ranking in 
the food chain FASFC. 29/11/2013, Brussels, Belgium.  
Statistical Thinking and Smart experimental design. 01/10/2013, VIB training, Leuven, 
Belgium.  
Nanotechnology for health. 23-27/09/2013, IMEC, Leuven, Belgium.   
NB-Photonics Annual Meeting. 20/09/2013, Ghent, Belgium.  
Intensive Programme for Advanced Residue Analysis in Food. 03-14/06/2013, ONIRIS, 
Nantes, France. 
Mycotoxin workshop. 22-24/05/2013, Ghent, Belgium.  
Belgian Polymer Group (BPG) meeting. 16-17/05/2013, Houffalize, Belgium.  
Advanced Academic English: Writing Skills. 18/02 - 06/05/2013 (once a week), UGent, Ghent, 
Belgium.   
Introduction to polymer science. Academic year 2012 Bachelor course, UGent, Ghent, 
Belgium.  
 
Tutorship Bachelor and Master theses    
Janne Snoeck (2015-2016). Ontwikkeling van nieuwe immunoaffiniteit en MISPE kolommen 
voor staalopzuivering en multi-mycotoxine analyse. Odisee Ghent, Belgium. 
Jens De Vriese (2015-2016). De ontwikkeling en validatie van MIP-beladen poreuze 
draagstructuren voor multi-mycotoxine analyse. University College Ghent, Belgium.  
Lynn Thomas (2014-2015). Ontwikkeling en validatie van antilichaam- en MIP-beladen 
poreuze draagstructuren voor multi-mycotoxine analyse. Odisee Ghent, Belgium.  
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Esther De Rycke (2014-2015). Ontwikkeling en validatie van antilichaam- en MIP- beladen 
poreuze draagstructuren voor multi-mycotoxine analyse. Faculty of Sciences, Ghent 
University, Belgium. 
Kristine Chukhajyan (2013-2014). Ontwikkeling van antilichaam- en MIP- beladen poreuze 
draagstructuren voor multi-mycotoxine analyse. Faculty of Pharmaceutical Sciences, Ghent 
University, Belgium.  
  
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
  
